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Abstract
Electron Paramagnetic Resonance Spectroscopy (EPR) has been used to 
thoroughly characterise the nature of trapped charge carrier pairs (i.e., holes and 
electrons) generated in different TiC>2 polycrystalline powders (P25 Anatase and two 
different Rutile materials). The paramagnetic centres were formed by vacuum 
reduction and UV irradiation of the TiC>2 samples, allowing a comparison of the two 
methods to be made.
The reactivity of these trapped charge carrier pairs have been examined 
following the formation of oxygen centred radicals via oxygen addition. These 
generated species can change depending on the pre-treatment conditions and nature of 
the surface. On thermally reduced Anatase, O2 ' anions are preferentially formed 
whilst O* and 0 3 * anions are produced on the Rutile forms of Ti0 2 . Superoxide anions 
(O2 ) and trapped holes (O') were identified after photo-irradiation of all dehydrated 
Ti0 2  samples. The nature and stability of these oxygen centred radicals have been 
studied as a function of surface hydration. The ability to generate the radicals and the 
effects of surface hydration on the stability, and lifetimes have been examined.
Nitric oxide has also been employed as a surface probe to study the surface 
crystal fields of the different Ti0 2  surfaces. The effect of surface hydration and NO 
have also been studied, revealing the different heterogeneity of sites responsible for 
NO binding, which was complimentary to the results obtained from the superoxide 
experiments.
Co-adsorption and subsequent UV irradiation (100K) of acetone and oxygen 
onto a clean oxidised Anatase surface results in the formation of an unstable peroxy 
intermediate. The radical decayed irreversibly at temperatures greater than 150K but 
was regenerated by subsequent low temperature irradiation. Use of isotopically 
labelled gases (CD3COCD3, 1?02) enabled the identification of the radical as the 
CH3COCH2OO* species generated by hole transfer to adsorbed acetone.
The photo dynamics of the thermally generated Ti3+ and medium polarised 
conduction electrons in the TiC>2 samples have also been followed as a function of 
Ti0 2  material and temperature. Interestingly, the rate of photoexcitation of surface 
Ti3+ centres follows opposite trends on anatase samples compared to rutile, and this 
difference has been discussed within the context of the different trapping sites 
available for electron stabilisation.
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Chapter 1 
General Properties of Titanium Dioxide
/. /  Occurrence and Manufacture
Titanium was discovered in 1791 in Cornwall England.(1> It is the ninth most 
abundant element in the earths crust and is widely distributed around the world. 
Titanium exhibits typical transition metal properties, forming a range of coordination 
and addition compounds with non-metals, including halides, chalcogenides, hydrides, 
sulphides and oxides. Titanium dioxide is the most common form of naturally 
occurring oxides, existing in the three forms, Anatase, Rutile and Brookite. In 
comparison to Anatase and Rutile, Brookite rarely occurs and displays no 
photocatalytic properties or commercial uses and therefore will not be discussed 
further. Ilemite and mineral rutile are the most important naturally occurring ores. 
Ilmenite is a black sand or rock with the theoretical chemical formula FeTiCh; the 
TiC>2 content varies from 45-60% depending on its geological source. Mineral Rutile 
is naturally occurring titanium dioxide; with the TiC>2 content normally 95%. Both 
ores may contain considerable amounts of siliceous and iron based impurities, which 
must be significantly lowered or they may adversely affect the chemical and 
photochemical properties of the finished product.
Pure titanium dioxide is a colourless, crystalline solid and is stable over the 
stoichiometric range TiOrmu to TiOi.988- TiO<2 contains reduced titanium cations in 
the Ti3+ form, causing a colour change from white to dark blue. The Ti3+ cations are 
readily oxidised back to Ti4+ by oxygen, water and other oxidising agents. As with 
other dioxides of the d  block elements TiC>2 is stable, non-volatile and insoluble in 
most solvents with its highest solubility in H2 SO4 and HF. It is amphoteric but 
contains more acidic properties then basic.
Generally, Ti02 is prepared primarily via two main processes known as the 
Sulphate Process and the Chloride Process, as discussed below;
The Sulphate Process
The first commercial exploitation of titanium dioxide did not take place until 
1913 when the titanium dioxide pigment was manufactured by a fusion process. The 
sulphate process, developed by Farup and Jebsen, soon replaced this in 1928.(1)
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Ilemite is commonly used as the raw material for the sulphate process. The sulphate 
process can readily produce both Anatase and Rutile forms of the TiCb. The reactions 
involved are shown below:
FeTiOj + 2H2S04 — ► TiOS04 + FeS04 + 2H20  (1.1)
TiOS04 - °»: „ TiOj/iHzO + H2S04 (1.2)
T i O ^ O  TiCb + /iH20  (1.3)
The finished material typically contains low levels of sulphate-based 
impurities, which may subsequently modify its chemical and photochemical 
properties. Crystallisation is initiated by the addition of suitable nuclei, which control 
the final crystalline form.
The Chloride Process
An alternative method, the Chloride process, is a more recent development, 
which was commercially introduced in 1958. Its use has expanded rapidly in the USA 
where it is now the prime method of production. The Chloride process predominately 
produces the Rutile form of TiC .^ Although it is not impossible to produce Anatase 
also in the Chloride process, however, the thermodynamics of the route make it more 
applicable to the production of Rutile pigments. Mineral Rutile is used as the starting 
material and the reactions involved are shown below in equations 1.4 -  1.5,
TiO^ impure) + 2C12 + C — ► TiCl4 +C02 (1.4)
TiCU + 02 — ► TiCbo*™) + 2C12 (1.5)
The Chloride process is more energy efficient and produces less waste than the 
Sulphate process since chlorine is recycled.(2) Residual chlorine associated with the 
solid TiCb is removed by aqueous hydrolysis or calcined in a kiln to hydrolyse the 
chlorides and drive off as hydrogen chloride.
Careful control in both the Sulphate and Chloride processes are required in the 
latter stages to ensure that the finished product is not coloured. Other semi stable 
oxides of titanium can be produced by reduction of Tip2 under various conditions, 
e.g., TiO (yellow), Ti20 3  (violet) and Ti30 5  (metallic blue). Due to their colouration 
none of the reduced oxides are of any commercial interest.
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/ .  I. 1 Structure o f  Titanium Dioxide
Of the two most common forms of T i02 (i.e., Anatase and Rutile), the Rutile 
form is generally the more stable form and as a result more abundant. It contains a 
more closely packed structure than Anatase that gives rise to the difference in 
properties. In the two crystals, Anatase and Rutile, the Ti atoms are surrounded by six 
adjacent O atoms positioned at the comers of a distorted octahedron, and each Ti is 
surrounded by three adjacent Ti atoms. Both T i02 structures, Anatase and Rutile, are 
shown in figure 1.1 below.
•  °
o  Ti
4+
(b)
c = 0.2959nm
a = 0J78nm
a = 0.4594nm
(c)
open channels 
along the c- axis
F igu re  1.1 Ball and stick models of (a) structure of Anatase T i02, (b) unit cell of Rutile and (c) 
extended crystal structure of Rutile T i0 2
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The closer packing in the Rutile structure gives rise to a higher refractive 
index and greater chemical stability compared to Anatase. While Rutile melts at 
1825°C, Anatase has no specific melting point due to its irreversible transformation to 
Rutile before it reaches its melting point, a process known as rutilisation. Typical 
temperatures for the rutilisation are in the region 700°C - 1200°C depending on 
conditions. It is a broad irreversible phase transition (AG negative) which is highly 
sensitive to the presence of impurities, and liberates 8 to 12 kJ mor!.(3) Both forms of 
TiCh are intrinsic photoactive n-type semiconductors with wide band gaps (cf. chapter
3).
Most commercial Titania powder catalysts are a mixture of Rutile and Anatase 
(e.g., Degussa P25, the most commonly used contains approximately 80-90% Anatase 
and the rest Rutile). There is growing evidence that Anatase is more active than 
Rutile for O2 photo-oxidation but not necessarily more reactive for all photocatalytic 
processes. Anatase and Rutile show inherent differences in particle size and this 
might cause some of the observed differences in chemical properties. However, in 
order to gain a better understanding of TiCh-based devices, it is clearly important to 
obtain atomic-scale information on well-characterised Anatase surfaces.(4)
Although the band gap of Anatase and Rutile is only slightly different, Table
1.1, the difference does hold an effect of the photo-efficiencies with Anatase being 
more efficient than Rutile. This difference in photo-efficiency indicates that they vary 
as a function of both band gap and crystal structure.
Table 1.1. Selected Physico-Chemical Properties of TiC>2.(5’6)
Property Rutile Anatase
AHf6/ kJ mol'1 -944.70 -933.00
Band Gap / eV 3.23 3.06
Crystal structure Tetragonal Tetragonal
Crystal symmetry D4h D4,
Melting point / °C 1825 N/A
Refractive index 2.70 2.55
Relative Molecular Mass 79.88 79.88
Specific Gravity / gem'3 4.23 3.90
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1.1.2 Refractive index
TiCh has an extremely high refractive index (Table 1), this may be exploited in 
its use as a pigmentary substance. TiC>2 absorbs almost no incident light in the visible 
region of the spectrum. The light is transmitted and refracted through the crystal. The 
refractive index of r\T (Eq. 1.6) of a material is defined as the ratio of the speed of light 
in a vacuum c to its speed in the medium (v),
Refractive index, qr = ^ (1.6)
The refractive index is directly related to the molecular polarizability of the 
material through which light is propagated. Since photons of high frequency carry 
more energy than those of lower frequency, they are more effective at distorting the 
electronic distribution of molecules in their path. Hence, the refractive index of a 
material increases with increasing frequency of light; a phenomenon known as 
dispersion. Refractive indices are thus measured at a constant reference frequency. 
The refractive index of TiC>2 (r|r = 2.7 for Rutile and r|r = 2.55,for Anatase) is typical 
for most metal oxides, only diamond has a higher refractive index.(7) In comparison, 
the refractive indices of most common organic compounds lie in the range 1.3 to
1.5.(8)
1.2 Photocatalysis and Heterogeneous Catalysis over TiC>2
1.2.1 Photocatalysis over TiC>2
When light of the correct frequency is shone onto a semiconductor, such as 
Ti02, electrons are excited from the valence band to the conduction band. This 
electron-hole pair may undergo radiation-less recombination in the bulk, or those near 
the surface may become separated and stabilised under the influence of the space 
charge layer.
The band gap of TiC>2 is » 3.1 eV, specifically 3.23 eV for Rutile and 3.06 eV 
for Anatase, therefore radiation of < 388 nm provides enough energy to promote an 
electron from the valence band to the conduction band. An electron-hole pair forms 
near the surface and migrates under the influence of the space charge layer. This 
space charge layer encourages the movement of holes to the surface and electrons to
5
the bulk of the crystal (see figure 1.2). An equilibrium is eventually achieved, where 
the electrons reach the surface at the same time as the holes (figure 1.3).
Q Q CBCB
/ hv / hv
€> YB
©<$>
\'B
Figure 1.2. Space charge layer. Figure 1.3. Equilibrium point.
At the surface, photo-produced holes and electrons can take part in chemical 
reactions For efficient photocatalytic operations to occur, at least two types of 
adsorbed substrate molecules are required; the substrate to be mineralised, which may 
be an electron donor (D) or an electron acceptor (A), and some sacrificial species 
which will accept electrons when the substrate molecule is an electron donor, and 
donate electrons when the substrate molecule is an electron acceptor.(9)
Oxidation reactions occur when the oxidation potential of the reacting species 
lies above that of the band gap. For reduction reactions to occur, the reduction 
potential of the reacting species lies below that of the band edge gap, and so is more 
positive than the conduction band. These processes are schematically summarised in 
figure 1.4 on the next page.
A+ e* — > A (1.7)
( 1.8 )
6
A -
Figure 1.4. Schematic photo excitations o f TiC>2 followed by de-excitation events (A-D).(9>
1.2.2 Basic chemical principles o f photocatalysis.
The principle of photocatalytic remediation of un-harmful products is to bring 
about the complete oxidative mineralisation of the pollutant substrate via the process.
Substrate + O2 Semiconductor— ► XCC>2 + y fh O  (1.9)
UV Light
Thus, eliminating the pollutant or pollutant precursor, by conversion to carbon dioxide 
and water. These mineralisation products can then be safely disposed. When 
choosing the type of semiconductor suitable for these purposes several points need to 
be considered.
• The material must be efficient at absorbing ultra violet (UV) radiation; 
absorption of visible light does not lead to efficient mineralisation of 
the substrate.
• The semiconductor must be capable of catalytic operation in both the 
aqueous and gaseous phases.
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• An acceptable working lifetime of the semiconductor is required; 
therefore resistance to photo-degradation is essential. In general, 
semiconductors are less prone to photo-degradation then other 
chalcogenide-based materials.
• Lastly, the material should be cheap to manufacture and biologically 
inert.
Both TiCh polymorphs (Anatase and Rutile) satisfy the majority of these 
requirements, and generally display high photo-activity and corrosion resistance.
1.2.3 TiO2 derived Photocatalysis
In order to maximise the surface area of TiC>2 available for photocatalytic 
electron transfer it is necessary to attempt to minimise the particle size. However, as 
the semiconductor particle diameter approaches a critical lower limit (ca. lOnm), size 
quantisation effects begin to rise. As the particle diameter approaches the Bohr radius 
of the first exciton, the electronic energy levels within the particle become discrete 
and quantisied, i.e., the continuum of band states is lost (cf. chapter 3). The result of 
this quantum confinement is to reduce the wavelength of the first exciton, resulting in 
a larger ‘band gap\(10) The principal photon absorption of the material is then shifted 
to higher frequencies (‘blue shifted’). A consequence of this is that less of the solar 
spectrum is made available for absorption, and solar photo-reactor efficiencies may be 
reduced. The change in surface redox potentials is not necessarily disadvantageous, 
as it could lead to better redox coupling between semiconductor and substrate.
The use of TiCh as a photo-reactor in direct production of energy is therefore 
difficult A main problem is the poor relationship between the titanium dioxide 
absorption spectrum and the solar spectrum in the use of TiC>2 for solar energy 
conversion Unmodified Ti02 absorbs about 3% of the total solar spectrum; this 
results in a solar energy conversion efficiency of approximately 1%. Altering the 
band gap properties of TiC>2, e.g., by doping with transition metal ions or implantation 
with nanoparticles for example, to induce visible light absorption does not necessarily 
increase the photo-efficiency as this results in lower photo-voltages. Other techniques 
to improve the photo-efficiency of Ti02 have proved successful. Metallic Pt or Ag 
dispersed onto the surface of the Ti02 particles significantly increases the photo­
efficiency for colloidal suspension.
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This can be explained by the photoelectrochemical mechanism (c f 1.3.4 ), 
whereby each semiconductor particle behaves as a closed circuit in which the 
products of charge transfer are spatially separated. The metallic Pt on the Ti02 
surface works effectively at also enhancing the charge separation of the electron hole 
pair recombination and improving the photocatalytic performance/11*
/. 2.4 Transition Metal Ion Doped I iOj; Enhancment or Suppression o f Photocatalysis 
As mentioned above, when titanium dioxide is irradiated with UV light, 
electrons are excited from the valence band to the conduction band of the Ti02, 
leaving holes in the valence band. The efficiency of photocatalysts strongly depends 
on the lifetime of the electron-hole pairs generated. Recombination of the holes and 
electrons are an important process in semiconductors therefore, the rate at which they 
recombine plays a crucial role in the photocatalytic reactions with semiconductor 
particles, in particular the conversion of solar light energy to fuel.
Doping of Ti02 powders with low levels of transition metal ions have a major 
impact upon the photo-generated electron-hole pair recombination rate/12, 13) Since 
interfacial electron transfer must compete with electron hole recombination processes, 
the presence of small amounts of impurity ions (» 0.1%) can have a major influence 
on the photo efficiencies.
Whether or not the photo-efficiency is enhanced or retarded depends upon the 
type of dopant introduced, as well as the level of doping. For example, at 0.1 to 0.5% 
dopant concentrations, Fe3* and V4" increase the photo reactivity, whereas Co3+ and 
Al3' cause a significant decrease at the same concentrations/14* The impurity ions are 
believed to act either as electron-hole recombination centres (leading to loss of photo 
activity) or merely as hole traps, thus extending the lifetime of the photo-generated 
charge pair (leading to an increase in photo reactivity). The purity of Ti02 samples 
used in photo catalytic studies is thus critical, since the presence of as little as 0.1% 
impurity may have a significant effect on experimental observations.
During transition metal ion implantation (V, Cr, Mn, Fe, and Ni) into Ti02 by 
high voltage(,5) a large shift in the absorption band of the Ti02 catalysts into the 
visible region of the electromagnetic spectrum is possible. The ion implantation of 
At, Mg and Ti exhibited no shift in the absorption; therefore the shift was not due to 
the high-energy implantation but by interaction of the transition metal with the Ti02.
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As mentioned previously, the band gap of TiC>2 is w 3.1 eV, therefore 
wavelengths of < 388nm are required to promote the electrons from the valence band 
to the conduction band. Energies of this wavelength correspond to the UV part of the 
spectrum. Since only the UV region of the spectrum can provide the correct amount 
of energy for promotion, only 3-4% of the solar energy is actually available for any 
reaction to occur. The metal ion implanted TiC>2 catalysts enable absorption of visible 
light up to wavelengths of 400 -  600 nm and are able to operate efficiently as photo 
catalysts, they are therefore termed ‘Second Generation TiOj. ,(16)
In contrast to this Herrmann et a/.,(l7) and Borgarello et a/.,(l8) reported that Cr 
doping by a chemical method decreased the photoreactivity under both visible and 
UV illumination. Even though the effects of metal doping on the activity of TiC>2 have 
been a frequent topic of investigation,119) it remains difficult to make direct 
comparisons and unifying conclusions due to the widely varying experimental 
conditions, sample preparation and determination of photo reactivity.
/. 2.5 Catalytic Properties
TiC>2 exhibits both photocatalytic and non-photocatalytic activity.(20) It is 
important to bear in mind the non-photocatalytic activity of TiC>2 which influences the 
reaction pathway of photon-initiated processes.
In the extended crystal structure of both Anatase and Rutile, surface hydroxyl 
groups terminate at the particle surface, which gives rise to titanol moieties T w  -OH 
at the particle surface.121) The titanol function of Ti02 may act as a trapping centre for 
photo-induced electron vacancies (holes/h+) arising within the bulk of the 
crystal121 ^ Eq. 1.10).
Tisurf-OH + h+ — ► Tisurf-OH* (1.10)
Hole transfer to adsorbed substrates may proceed by direct interaction with the 
TiC>2 surface. Under photocatalytic conditions the photo-generated electrons (e') are 
trapped at cationic sites (Eq. 1.11) associated with the crystalline defects, some of 
which are catalytically active.
Ti4* + e — > Ti3* (1.1!)
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Photo-generated electrons can then be transferred to an adsorbed substrate 
molecule via Ti3' states or recombine with a hole either in the bulk of the crystal or at 
titanol functions.
The titanol groups are responsible for the amphoteric behaviour of TiC>2, and 
therefore enable it to undergo non-photocatalytic acid or base catalysis (FT transfer) 
in aqueous solution,(22) represented by the equations 1.12 and 1.13.
TisurrOH + H+ — >Ti-OH2 (1.12)
T w r O H  ^  > T i-0 ' + FT (1.13)
The presence of both acidic and basic titanol functions arises as a consequence 
of the intrinsic heterogeneity of TiC>2 surfaces. In general, weak acids and bases do 
not exhibit strong interactions with unmodified TiC>2 powders. The presence of titanol 
functions may also alter the photochemical response of small photo-active molecules 
interacting with the TiC>2 surface.(23) Ti(> 2 also exhibits thermal heterogeneous 
catalytic properties at elevated temperatures, and has been proposed as a novel de- 
NOx catalyst for automotive applications/20*
1.2.6 Heterogeneous Photocatalysis; History and Applications
During heterogeneous photocatalysis, photoinduced molecular transformations 
or reactions take place at the surface of a catalyst. Semiconductor surfaces provide 
both a fixed environment to influence the chemical reactivity of a wide range of 
adsorbates and a means to initiate light induced redox reactivity in these weakly 
associated molecules.
Titanium dioxide was first observed to undergo darkening during 
photooxidation of citric and tartaric acids from exposure to sunlight in 1921 by 
Renz(24) Both TiC>2 and ZnO were among the photoactive metal oxides reported that 
undergo darkening during photoxidation. This new phenomenon was not appreciated 
until work by Wilson in 1931(2?26) was undertaken on the electronic theory of 
semiconductors. During the space race in the 1960’s a newfound level of research 
was undertaken into the electronic structure of the semiconductors. Due to 
environmental constraints associated with manned space travel, increased research 
into the development of clean, lightweight energy sources such as solar panels 
occurred.
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Undoubtedly, the biggest scientific interest of Ti02 arrived in 1972 when 
Fujishima and Honda(27) provided evidence for the controlled splitting of water with 
the use of sunlight over a TiC>2 photoanode and Pt electrode. This was the first 
demonstration for the photo-electrochemical cell used in splitting water as shown in 
equation 1.14.
H20  + U V  ► H2 + V2 0 2 (1 14)
This observation prompted extensive work focusing on the production of 
hydrogen (as a combustible fuel) from water as a means of solar energy conversion. 
There has been continual growing interest in the use of metal oxide semiconductors 
and their application as photoactive catalysts. The remediation of industrially 
contaminated water by photocatalysis has received much attention. The utilization of 
clean safe and abundant solar energy is now helping in the lead to promising solutions 
not only for energy issues, due to the exhaustion of natural energy sources, but also 
for many problems caused by environmental pollution/28'31 *
Organic wastes such as chlorinated hydrocarbons, CFC’s, dioxins, pesticides 
and herbicides pose a threat to both human and animal health. They are known to be 
present in high concentrations in many aquifers and ground water sources. Some may 
have a relatively prolonged residence period in the natural environment. Tests were 
carried out at the Lawrence Livermore National Laboratory, on an outdoor 
TiCVsunlight based photoreactor which succeeded in reducing groundwater levels of 
tricholoroethylene from ~ 300 to 500 ppb to < 54 ppb.(32) This solar technology has 
now been patented for the remediation of oil spills at sea, by flotation of TiC>2-coated 
hollow glass beads within the resulting oil slick(33) thus, minimising the use of 
environmentally damaging chemical or thermal treatments. Whilst most solar-based 
water remediation technologies remain at the development stage, a long goal of many 
environmental scientists is to incorporate semiconductor based photo-reactors directly 
into industrial effluent management systems.
Gas phase heterogeneous photocatalysis has also assisted in the development 
of environmental photocatalysis, as first observed by Dibble and Raupp.(34’35) They 
reported that when TCE is passed over Ti02, under conditions of UV irradiation, the 
TCE is ultimately converted to C02 and H20  with a high degree of efficiency. 
Heterogeneous photocatalytic oxidation of organic compounds in the gas phase using
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Ti(> 2 as a catalyst, appears to be a promising process for remediation of air and 
groundwater polluted by Volatile Organic Compounds (VOCs).(36)
VOC’s are widely used and produced both industrially and domestically and 
have provided a major threat to the environment.(37) Many VOCs are toxic with some 
being considered as carcinogenic, mutagenic or teratogenic(38). A localized problem 
arising from VOCs is the formation of photochemical smog in large built up areas.(39) 
The most significant problem related to the emission of VOC’s is centred on the 
production of peroxyacyl nitrate (PAN)(40) in the presence of sunlight, via the free 
radical mechanism shown below:
R-CHO + UV + M ----► RCO* + HT (1 15)
RCO* + 0 2 — ► R-C03# (1 16)
R-C03# + N02# — > R-C03N 02 (1 17)
These can ultimately lead to severe respiratory problems in humans as well as 
damage to crops and have been implicated in the formation of acid rain.(41) During 
heterogeneous photocatalysis of VOC’s, the VOC’s are preferentially adsorbed on the 
surface and oxidized to (primarily) CO2 and H2O. Other proposed novel applications 
reported for Ti0 2  based photocatalyst systems include; the removal of organic soilage 
in interior buildings,(42) removal of waste material from road side lighting,(43) self 
sterilising surfaces removing bacteria,*44*48* Ti0 2  electrodes for killing cancerous 
cell(49 50) Reported futuristic applications include the use of Ti02 photoreactors for 
life support systems on the moon (5I) Other applications of the photocatalytic 
properties of DO2 are summarised in Table 1.2.
Photocatalytic oxidation of organic compounds in the gas phase using Ti02 as 
a catalyst is a promising process for remediation of air and ground water polluted by 
VOCs Heterogeneous photocatalysis using Ti02 have several advantages:
• Ti0 2  is relatively inexpensive,
• Shows efficient destruction of toxic contaminants,
• Highly stable chemically,
• Photo-generated holes are highly oxidising and photo-generated 
electrons are reducing,
• Operates at ambient temperature and pressure, and
• Reaction products are usually CO2 and H2O.
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Table 1.2. Selected applications of Ti02 based photocatalysis.
Property Category Application
Self-cleaning Materials for residential 
and office buildings
Exterior walls kitchen & bathroom components, 
interior furnishings, plastic surfaces aluminium siding 
building stone & curtains paper window blinds
Indoor & outdoor lamps Translucent lamp shades, coatings on fluorescent 
lamps and highway tunnel lamp cover glass.
Materials for roads Tunnel wall, soundproofed walls traffic signs and 
reflectors
Others Tent material, cloth for hospital garments& uniforms 
and spray coating for cars
Air - cleaning Indoor air cleaners Room air cleaner, photocatalyst-equipped air 
conditioners and interior air cleaners for factories
Outdoor air purifiers Concrete for highways, roadways and footpaths, 
tunnel walls, sound proof walls and building walls
Water
purification
Drinking water River water, ground water, lakes and water storage 
tanks
Others Fish feeding tanks, drainage water and industrial 
wastewater
Anti-tumour
activity
Cancer therapy Endoscopic-like instruments
Self - sterilising Hospital Tiles to cover the floor and walls of operating rooms, 
silicone rubber for medical catheters and hospital 
garments and uniforms
Other Public rest rooms, bathrooms and rat breeding rooms
Up to this point the discussion has focused on the photocatalytic properties of 
Ti02. However, there is another property of Ti02, the more recently discovered photo 
induced hydrophilic effect -  superhyrophilicity. Both photocatalytic and hydrophilic 
processes can occur on the same Ti02 film but are intrinsically different. 
Superhydrophilicity was discovered by accident, in Japan(52) in 1995. If a Ti02 film is 
prepared with a certain percentage of Si02, it acquires superhydrophilic properties 
after UV illumination. In this case, electrons and holes are still produced, but they 
react in a different way. The electrons tend to reduce the Ti(,V) cations to the Ti( * 
state, and the holes oxidize the O2' anions. In the process, oxygen atoms are ejected, 
creating oxygen vacancies. Water molecules can then occupy these oxygen 
vacancies, producing adsorbed OH groups, which tend to make the surface
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hydrophilic. The longer the surface is illuminated with UV light, the smaller the 
contact angle becomes for water; after about 30 minutes under a moderate intensity 
UV light source, the contact angle approaches zero, meaning that water has a 
tendency to spread perfectly across the surface/52'54* TiC>2 coatings can maintain their 
hydrophilic properties indefinitely as long as they are illuminated. Making use of the 
idea of cleaning by a stream of water, coated windows can be cleaned by rainfall. 
There are many new original applications of the superhydrophilicity properties of 
TiC>2 some of which have been summarised in Table 1.3.
Table 1.3. Applications of superhydrophilicity technology.
Property Category Application
Self-cleaning Roads Tunnel lighting, tunnel walls traffic signs and sound 
proofing walls
Houses Kitchen & bathroom tiles, exterior tiles, roofs & windows
Buildings Aluminium panels, tiles, building stones, crystallized 
glass & glass films
Agriculture Plastic and glass greenhouses
Electrical & electronic 
equipment
Computer displays, cover glass for solar cells
Vehicles Paint work, exterior windows & headlight covering
Paint General-purpose paints & coatings
Others Tableware, kitchenware
Anti-fogging Roads Road mirrors
Houses Bathroom mirrors
Stores Refrigerated showcases
Electrical & electronic 
equipment
Heat exchangers for air conditioners
Vehicles Inside surfaces o f mirrors, glass films, rear-view mirrors 
& windshields
Paint General-purpose paints & coating a
Optical instruments Optical lenses
Other Spray-on antifogging coatings & films
Bio-compatibility Medical instruments & 
supplies
Contact lenses & catheters
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1.3 General Applications o fT i()2
1.3.1 Commercial Uses
Titanium dioxide is the most widely used white pigment material for coating 
applications Figure 1.5 displays the end use breakdown of T i02 pigments based on 
1992 world consumption data.
Titanium dioxide is an extremely effective white pigment, used in coatings, 
plastics, printing inks and paper(55) The most important attribute of T i02 is its high 
refractive index (Table 1.1), which gives it its potential for producing opacity far 
greater than any other common white powder.(56)
Estimated World C onsum ption o f Titanium Dioxide in
1992
^ Others 
|  Fibres 
% Paper 
o Plastic 
Inks2
m Paint 
0% 10% 20% 30% 40% 50% 60%
P ercen tag e  of Uses
Figure 1.5. Breakdown of Estimated World Consumption of T i02 in 1992 (total = 2.9 
million tonncs).(57)
Light can either be transmitted or refracted through a crystal, or reflected at 
the interfaces. Sufficient light is transmitted through a larger crystal of T i02 to render 
it transparent However, in its finely divided, pigmentary state, there are so many 
interfaces that light transmitted through one particle will be reflected by others. 
Consequently, the whiteness of titanium dioxide is a function of particle size during 
reflectance The degree of whiteness exhibited by a material may be approximated by 
calculating its reflectivity (F) using Fresnel’s equation 1.18:
F = (1.18)
(fii +  Tfe)
16
where, r|j is the refractive index o f  the pigment, and r |2  is the refractive index o f  the 
surrounding medium. The light scattering efficiency o f  the pigment determines the 
whiteness and opacity o f  the coating into which it is incorporated. It varies directly as 
a function o f  the difference in refractive index between pigment and the pigment 
material (Eq.1.18). Provided that the pigment material does not absorb light in the 
visible region o f  the spectrum, then the scattered light emerging from a layer o f  
pigmented material will be white.
1.3.2 Photo-degradation o f paint
Performance o f  paint films depends on system s composed o f  pigments and 
binders. Aspects o f  performance involve coatings directly and pigments only
indirectly, nonetheless, pigments are optimised for perform ance in coatings. The very
high refractive index o f  TiC>2 (c f  table 1 . 1 ) governs its choice as the most opacifying 
agent used in organic based coatings. H owever, paint films deteriorate from the 
combined effects o f  sunlight, moisture and oxygen. Exposure to these can change 
their appearance and cause discolouration, surface roughness and film erosion. 
Although TiC>2 acts as a good opacifying agent in paints, when used as a pigment, the 
photocatayltic properties o f  Ti0 2  are undesirable.
There are two independent processes that occur in paint degradation:
•  Degradation o f  the binder by incident UV radiation, and
•  Degradation o f  the binder by the photoactivity o f  TiC>2 .
In the former case, the biggest contributor to degradation is UV radiation; 
causing homolytic bond fission to occur within organic binders, resulting in the 
release o f  reactive free radical species w ithin the polymer matrix. This will 
eventually compromise the structural integrity o f  the material, and reduce its useful 
operational lifetime, however, this may be overcom e by the use o f  a durable binder. 
Incorporation o f  TiC>2 confers a high degree o f  degradation resistance to the organic 
matrix o f  the polymer coating(58) by providing an alternative medium for UV 
absorption. However titanium dioxide affects the durability o f  paint films in two 
distinct and opposing ways
•  As a strong UV absorber, TiC>2 protects the paint film,
•  As a UV activated oxidation catalyst, TiC>2 degrades the binder.
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As mentioned above, the addition o f TiC>2 to the system allows the preferential 
absorption o f the UV radiation over the polymer therefore preventing the breakdown 
o f the coating.
However, the band gap o f TiCh is « 3.1 eV and lies within the energy levels o f the 
sunlight Absorption o f the UV radiation is therefore able to promote the 
photocatalytic properties o f the TiC>2 forming free radicals, e.g., OH* and HO2* 
These free radicals can cause mechanical failure of the binder, giving rise to a 
phenomenon known as ‘chalking’.(28'59'60) This is caused by pigment particles at the 
surface o f the paint slowly eroding the binder Abrasive contact with the surface o f 
the paint then causes a loose ‘chalky’ deposit to become detached. In this way, the 
paint layer slowly crumbles and becomes thinner, leading to an eventual loss o f 
opacity
Mechanisms o f film degradation have been illustrated in figure 1.6 and interpreted 
by Kaempf et a/.(61) They described the characteristics o f weathered paint films in 
terms o f binder/pigment combinations
Sample (a) Sample (b) Sample (c)
(i) Un-weathered
For 240 -  260 h For 120- 140 h
(ii) Weathered (same chalk ratine); prior to chalk test
^ V v •  *  •  * • * . *
• • • • • • •  • • • • •
(iii) Weathered (same chalk rating): after chalk test
mamm
For 20 -  40 h
•  2_s • £ 3  •
• • • • # 
t* I i • A
Figure 1 . 6  Schematic representation o f the degradation of a binder pigmented w ith T i02 
pigments of different photoactivity.
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• Sample (a), the paint film pigmented with treated ZnO stabilised Rutile 
shows the typical phenomenon o f  dominating UV degradation, the 
pigment particles rest on pedestals.
•  Sample (b), pigmented with untreated Rutile the degradation o f  the binder 
is apparently due not only to UV degradation but also to chalking.
•  Sample (c), pigments with untreated Anatase shows characteristics o f  
predominant degradation o f  the binder at the pigment/binder interface as 
caused by the chalking process, the pigment particles rest in deep holes in 
the paint film surface only m oderately ablated.
V5lz et al.J6^  outlined the chemistry o f  chalking, where UV, water, TiC>2 and 
oxygen are essential for the Ti0 2 -catalysed degradation o f  the organic binder. The 
overall reaction mechanism is shown in equation 1.19.
H20  + 0 2 HO* + HO2* (1.19)
The hydroxyl and peroxyl radicals formed are highly reactive agents, which 
alternatively results in the degradation o f  the polym er matrix. In order to bestow UV 
protection on the polymer-based product, the Ti0 2  must be uniformly coated with a 
photochemically inert material, e.g., AI2 O 3 o r Si0 2 , and dispersed evenly within the 
binder (ca. 17 to 20% Ti0 2  by volume in the dry coating). UV photons are then 
efficiently adsorbed by the Ti0 2  and converted harmlessly to heat. The presence o f  a 
photochemical ly inert coating on the TiC>2 pigm ent particles prevents photo-generated 
electrons and holes from reaching the particle surface, where they would otherwise 
react with the binder material. Finished powders will however, contain discontinuities 
in the pigment particle coating. This leaves bare regions on the TiC>2 surface exposed 
to the binder medium in the final product, thus not fully eliminating the ability o f  
reactive radicals to form.
Chalking at a surface can be disrupted by exclusion o f  either water UV or 
oxygen. If  oxygen is excluded for example by a thick layer o f  clear plastic laminate 
over decorative papers that contain TiC>2 , the chalking process is terminated and a new 
phenomenon known as photogreying occurs. This is a result o f  the direct reduction o f  
the TiC>2 to Ti3+ when no oxygen is present in the chalking cycle.
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Another form o f  the photogreying process was once common in older 
manufactured paint, which used to  contain white lead. Chemical interactions used to 
occur between Ti0 2  and white lead. A thunderstorm could cause exteriors painted 
with mixtures o f  TiC>2 and white lead to discolour, often quite severely. Eventually, 
the discolouration would fade. The UV photon o f  the lightening flash caused the Ti4+ 
to reduce to Ti3\  The Ti3" then reduced Pb2+ to metallic lead (Pb°), which 
discoloured the paint film. Eventually, the atmospheric oxygen re-oxidized the Pb° to 
Pb2\  bleaching the paint film back to its original colour. The removal o f  white lead 
eliminated this problem.(56)
I .3.3 Solar Energy Conversion
Great Britain’s total annual electricity consum ption is approximately 2.8 x 107 
kW.(63) On a clear sunny day in Great Britain the total incident solar energy is 
approximately 2.4 x 1 0 11 kW. Therefore, if  only a m inute fraction o f incident solar 
energy could be captured and converted into a usable form, then this would 
considerably reduce the need to  produce energy from other non-renewable sources. A 
development o f  new, clean and efficient energy technologies to compensate for future 
shortages in fossil fuels is necessary. The potential for solar energy utilization is 
illustrated in photosynthesis, which converts approximately 3% o f the total solar 
energy incident upon the earth; with an efficiency o f  25 to 30% o f light adsorbed. 
Amazingly, photosynthetic organisms fix around 1.5 x 10n tonnes o f  carbon annually, 
an amount that is approximately ten tim es the w orld’s current total annual energy 
requirements
Unfortunately TiC>2 systems are not particularly good at converting light into 
electricity, but are well suited in heterogeneous photocatalysis as demonstrated in 
section 1.2.6. In many countries, which receive adequate sunlight, titanium dioxide 
based effluent remediation may be used to significantly lower the costs associated 
with water treatment.
13.4 Photoelectrochemistry
In an //-type semiconductor immersed in solution, an electric field forms 
spontaneously at the semiconductor -  electrolyte interface; electron - hole pairs 
generated in the region o f  the electric field i.e., the space charge region, are separated
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efficiently rather than undergoing recombination. In the A/-type semiconductor, the 
photo-generated electron moves into the bulk where it can be transferred through 
either a wire to a second non-photoactive electrode (Pt) or to a point where an electron 
acceptor maybe reduced (Figure 1.7).
▲
e'
hv
n- semiconductor Counter electrode
Figure 1.7. Schematic representation of the Photoelectrochemical cell.(64)
The photgenerated hole migrates tow ards the surface where it can oxidize a 
suitable electron donor. Thus, sunlight is converted directly into an electrical current, 
which may be used to  drive low power devices, or stored as chemical energy, e.g., via 
the photolysis o f  water equation 2 .2 0 .
2H 20< „  PECCcn------►2 H 2 (g) + 0 2<g) (2.20)
The design o f  the PEC is dictated by whether the light is to be stored as 
chemical energy or converted directly to electrical energy. Photocatalytic reactors 
used for decontamination purposes are simply PEC cells modified for the direct 
conversion o f  UV to chemical energy. The finely divided semiconductor may be 
present as a stationary phase over which the reactants flow, or simply held in colloidal 
suspension.
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L4 Summary
In the opening chapter o f  this thesis, the general properties and expanding uses o f  
TiC>2 have been discussed. The photoactivity o f  TiC>2 is one o f  its technologically 
most attractive properties. The creation o f  electron-hole pairs through the irradiation 
o f  light, either in TiC>2 itself, or in adsorbed molecules, and the following chemical or 
electron transfer reactions are at the heart o f  T i0 2-based photo devices applied in a 
range o f  areas. Intense research was initiated by Fujishima and Honda’s(27) discovery 
that water can be photocatalyically split into hydrogen and oxygen.
The developm ent o f  heterogeneous photocatalysis involving electron-hole pair 
initiated by band gap excitation o f  a sem iconductor particle has the potential to 
replace many existing pollutant remediation methods. Photocatalysis, is a widely 
applicable method for activating adsorbed organic m olecules and a promising route to 
selective synthetic transformations, and as an advanced oxidation process for 
environmental ‘cleanup’ an advanced oxidation process has the potential to replace 
many existing pollutant remediation methods.
Electronic modification o f  the TiC>2 catalyst by deposition o f  transition metal 
particles has a strong effect on the efficiency o f  electron-hole separation, and the 
dynam ics o f  interfacial electron transfer can be dramatically influenced. Application 
o f  these fundamental principles for the designing photochemical transformation 
methods is a rich area for technological developm ent.
An understanding o f  the interfacial photochem istry at the molecular level, 
particularly the fundamental chemistry o f  electron and hole transfer to the adsorbed 
substrate is therefore considered essential to the design o f  more improved 
photocatalysts with high quantum yields. Upon band gap irradiation o f  TiC>2 the 
photo-generated electrons and holes are ultimately responsible for the photocatalytic 
redox reactions. While the mechanistic details remain uncertain it is clear that the 
presence o f  oxygen and water is crucial in controlling the reaction pathways often via 
the intermediacy o f  active oxygen species. The aim o f  this study is to demonstrate 
that the nature o f  the paramagnetic oxygen species can change depending on the pre- 
treatment conditions and nature o f  the surface, and thereby illustrate the importance o f  
studying these surface radicals under various conditions to fully understand the initial 
electron-transfer reaction process.
To explore the reaction mechanism o f  VOC decomposition in heterogeneous 
photocatalysis, identification o f  the reaction intermediates by spectroscopic methods
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is required under reaction conditions. Considering the role o f  surface orientation in 
the photochemical reactivity o f  TiC>2 , it is also necessary to characterize these 
intermediates directly at the surface, before desorption and subsequent reactivity in 
the gas phase.
The investigation o f  these systems will be carried out using Electron 
Paramagnetic Resonance (EPR). A powerful technique for the characterisation o f  
paramagnetic oxygen species and reaction intermediates stabilised on the TiC>2 
surface. One o f  the advantages o f  using the EPR technique is to allow the study o f  
low tem perature UV stimulated charge transfers. It is possible to measure changes in 
the concentrations o f  the paramagnetic defects involved both during and after 
irradiation by repeatedly sweeping through the resonance lines at regular intervals. 
This can then lead to a determination o f  relative rates and their variations with 
temperature. This technique has been adopted to study the effect o f  illumination on 
Ti0 2  at various temperatures.
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Chapter 2 
The Role of EPR in the Characterisation of Oxygen Centred 
Radicals in Photocatalysis
2.1 Introduction
Oxides have been important catalysts for many years, but it is only recently 
that attention has been directed towards the various forms o f  oxygen that may exist on 
the surface. Early solid-state studies o f  irradiated salts led to the discovery that 
paramagnetic oxygen species could be trapped in the salt matrix, and these species 
were identified and characterised / 0  Later in the field o f  surface chemistry, kinetic 
studies on the conductivity o f  semiconductors during oxygen adsorption indicated that 
charged oxygen species were formed on the surface.
Reactive oxygen species adsorbed at surfaces are important intermediates in 
both total and selective catalytic oxidation0) as well as in various phenomena taking 
place at the gas-solid and liquid-solid interface. Several kinds o f  charged dioxygen 
radicals have been identified on a num ber o f  different surfaces by different 
techniques, including Ch*, (V , O 22' and C>2 3‘.(2) M any o f  these species can be and 
have been characterised by EPR spectroscopy (w ith the exception o f  O 22 ).
In the particular case o f  radical interm ediates, the EPR technique has provided 
extensive data on the nature o f  the surface stabilised oxygen centred radicals. Che 
and Tench published a thorough review just over 20 years ago, on the characterisation 
and reactivity o f  m ononuclear(,) and m olecular(2) oxygen species on oxide surfaces. 
They summarised the principle methods o f  activating oxygen on metal oxides into 
three main areas;
•  Adsorption o f  gaseous oxygen onto a reduced or slightly reduced oxide 
surface, such as TiC>2 , which is generally reduced by mild thermo vacuum 
conditions,
•  Adsorption o f  gaseous oxygen on UV or y irradiated stoichiometric oxides 
such as MgO, containing surface trapped electrons,
•  Adsorption o f  gaseous oxygen onto oxides containing pre-adsorbed 
reactive molecules (such as H2, CO, organics, etc). In this case the oxygen 
radicals are produced as secondary reactions.
In summary, the oxygen radicals produced in these ways, e.g. O’, O 2 , O 3 , 
have been studied in vast detail and can be regarded as very well characterised.
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Electron paramagnetic resonance spectroscopy has been applied to  the study 
o f surface chemistry and catalysis since the m id-1960’s, in particular the study o f  
paramagnetic species associated with the surface. EPR detects unpaired electron 
spins; commercial spectrometers are capable o f  detection levels o f  at least 1 0 * 6  -  1 0 ‘9 
moles o f  spins. The high sensitivity o f  the technique allows surface chemists to  study 
low concentrations o f  active sites or paramagnetic radials successfully. Diamagnetic 
species are not observed; this can prove to be both a disadvantage and advantage. 
Although the EPR technique is employed to investigate various aspects o f surface 
chemistry, the technique also combines the use o f  probe molecules enhancing the 
informative capability o f the technique. The probe molecules are not necessarily 
paramagnetic; the only requirement is that the species resulting from the interaction o f  
the surface with the probe molecule is param agnetic.(3a)
The main experimental param eters obtained from EPR measurements are the g 
tensor o f  the paramagnetic species and the hyperfine splitting arising from interactions 
with non-zero spin nuclei or asymmetric crystal fields (giving rise to multiple line 
spectra). The g  tensor is a proportionality constant associated with an electron in a 
given environment and is analogous with the chemical shift (6 ) in NMR. Hyperfine 
couplings provide data relating to the structure o f  the radical or paramagnetic centre, 
e g the number and type o f  interacting nuclei, or the vicinal lattice ion distribution A 
more detailed account o f  the EPR technique is presented in chapter 4.
2.I .I  Identification o f Oxygen radicals 
The Oj Ion
The superoxide ion has been widely investigated using EPR, this is because, 
being paramagnetic, the EPR technique provides a great deal o f  information on its 
structure, location, stability, surface mobility and on-side dynamics.(3b) The usual 
approach is to  adopt an ionic model for the superoxide ion at the surface. In this 
model, an electron is transferred from the surface to the oxygen and an electrostatic 
interaction between the cation site and the superoxide stabilises the radical. The 
superoxide radical is characterised by the presence o f  three electrons in the tw o 2k* 
antibondinding orbitals as shown in figure 2 . 1 , thus rendering it a paramagnetic 
species. However, an EPR spectrum is only observed when the degeneration o f  the
28
two orbitals is removed by an external perturbation such as an electric field created by 
the surrounding ions.
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Figure 2.1 The simplified energy level diagram for 0 : \  O: and CK in their ground state. 
When a crystal field is present, the 7ig and nu levels are not degenerate.
The O: Ion
The O 2 ion has only a single electron in the 7tg orbitals, as shown in figure 2.1 
above, and is isoelectronic with NO. The presence o f the surface will break the 
degeneracy o f  the 7tg orbitals in the same way as for O2 '. In this case however, an 
unoccupied molecular orbital is formed which is slightly higher in energy than the 7tg 
orbital since this must now contain the unpaired electron and the EPR spectrum is 
observed to have a negative g shift.
The ( ) /  Ion
The O 22' ion is usually referred to as the peroxide ion, which should be 
distinguished from the covalent peroxy radical (ROO*). It has been previously treated 
as a dimer O ' species by other authors.(1) This ion is difficult to characterize on the 
surface, as it is diamagnetic. Studies o f  metal-dioxygen complexes show that the
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peroxide-like complexes have an infrared band Voo in the range 800-932cm '\(4) 
Conductivity and chemical methods o f m easuring the charge on the oxygen do not 
distinguish between 2 0 ' and O 2 2’. It is therefore not possible to obtain direct evidence 
on the nature o f the oxygen species.
The O /  Ion
The O 2 3' ion is very short lived, making direct evidence for its existence very 
difficult. Symons(5) suggested that the O ’ species on the surface would be better 
described as the species O 23*. However, an experim ent(6) with MgO enriched in 170  
showed that the interaction o f  O ' with 170 2' ions was not measurable. Taarit et al., (7) 
reported the species existed on a Pd(I) zeolite w ith g values o f  gi=2.050 and g||=1.99. 
The g values are inverted from those expected for superoxide (i.e., g i  < gn), this could 
be accounted for by rotational averaging. O ther authors(8) have suggested that the 
signal may be due to  O23* ions with the unpaired electron in a a*  orbital. This is 
supported by the suggestion that three Pd(I) ions are lost to form one oxygen species, 
as expected for O 2 3*. At present the argument is open and more evidence is needed to 
support the existence o f  O 23' on surfaces.
The Os Ion
The ozonide ion O3’ is a 19 electron radical and the only well-established 
species that contains more than tw o oxygen nuclei. It is readily formed by the 
interaction o f  molecular oxygen with surface O* radicals. A detailed analysis o f this 
species will be presented in chapter 6 .
Mono Oxy gen Species (O' atid O2')
Mono-oxygen species on the surface fall into two main types, firstly the O’ ion 
which is formed either by adsorption or from surface oxide ions o f the lattice that 
have a trapped hole; and secondly the O 2* ion o f  the lattice in low coordination and/or 
bonded to transition metal ions. O’ ions are not very stable, but have been identified 
by EPR studies. O2’ exists as a bulk lattice species where they are stabilised by 
Madelung energy. The most commonly used oxidizing agent is gaseous O 2 , but it is 
generally thought that this oxygen must be converted to either O’ or O on the surface
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and even possibly incorporated into the lattice before it appears in the oxidation 
products and so follows the general scheme 1 .
O2 #ds* ^ O2 ads- ^ O  ads- O2 lattice
\ /
Oxidative products
Scheme l .(1)
Triplet Oxygen
Triplet oxygen is generally accepted as the form in which gaseous oxygen is 
physisorbed. The formation o f  singlet oxygen has been suggested on some oxide 
surfaces. The catalytic ability o f  the singlet state oxygen is greater than that o f  the 
triplet oxygen, as it is electronically excited and therefore more reactive. This leads to 
different stereochemistry because its two outerm ost electrons are in the same orbital.
The following sections are designed to bring together the latest research that 
has been carried out on active oxygen species on the TiC>2 surface, and to attempt to 
rationalise and identify the most important radical pathways that occur. Furthermore, 
the role o f  singlet oxygen, if  any, in the photocatalytic activity o f titania will be 
explored.
2.2 Characterisation o f Reactive Oxygen Species
Maira et al.}9) used EPR spectroscopy to monitor and characterize changes in 
the radicals formed by the UV irradiation o f  oxygen adsorbed on TiC>2 particles o f  
different sizes (from 6 nm, 1 lnm , 16nm). U nder irradiation TiC>2 generates holes and 
electrons. These recombine and dissipate the photon energy as heat, get trapped in 
metastable surface states or react with electron donors and electron acceptors 
adsorbed on the semiconductor surface.(,0) The radicals formed as a function o f  
particle size are displayed in table 2 . 1 .
The EPR spectra for the P6 , PI 1 and P I 6  TiC>2 particles showed a progressive 
weakening o f  signal A, Ti4 f-0 '-T i4 +- 0 H \  with an increase in signal D, Ti4 +- 0 2 -Ti4+- 
O’ as particle size increases. This indicated that in the smaller 6 nm TiC>2 , the holes 
are trapped by subsurface lattice oxygen forming Ti4+-[0']]attice-Ti4+-OH' species. For
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TiC>2 particles with a crystal size larger than lOnm, the holes are stabilized on the 
surface to form Ti4+-[02']iattice-Ti4+-0\
Table 2.1. Identification of radicals formed on various TiC>2 samples after the UV irradiation 
of oxygen.
Sample Species gi g2 g3 Radical
A 2.003 2.014 2 . 0 2 2 Ti4MO']laltl«-Ti4^OH-
P6 B 2.003 2.008 2.034 o 2h #
C 2 . 0 0 2 2.009 2.026 O f
P l l D 2.003 2.016 2.029 Ti4~-[02’]|anice-Ti4~-0‘
E 2 . 0 0 2 2.008 2 . 0 1 1 O f (O2-O )
Nakoaka and N osaka(1,) have made sim ilar observations in their study, where 
they have reported that the location o f  [0 '] iattice depends on the annealing temperature 
o f  the Anatase T i0 2 powder. Their results show  that photo-generated holes (h+) are 
stabilised at subsurface locations for T i0 2 pow ders treated at low temperature. High 
temperature treatment resulted in holes trapped at the surface. These results showed 
that the EPR technique could be used to understand the performance o f  
photocatalysts.
In order to detect the photocatalytic production o f  O 2 ’ and H2 O2 the luminol 
chemiluminecense probe (CL) was adopted by H irakawa et al}n) The basic reaction
o f  luminol chemiluminescence is represented in equations 2 . 1  and 2 .2 .
O f  + V  + H+ -> L 0 2 H‘ -> AP* (2 . 1 )
H O f + L -► L 0 2 H' AP* (2 .2 )
Where L and V  are luminal radical and two-electron-oxidized luminol, respectively.
The reaction product, L 0 2 H \ rapidly decom poses into the excited state o f  2- 
amino phthalate (AP*) causing the emission o f  light at 425nm. The CL intensity is 
proportional to the formation o f  L 0 2 H \ so therefore is proportional to the 
concentration products [O2 1[L ] and [H02’][L] (Eqs. 2.1 & 2.2). The following rate 
equation 2.3 can be derived,
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d[AP*]/dt = ^ [ 0 2 ] [ L ]  + <J)^[H02 ][L] (2 .3 )
where, <(> is the quantum yield. The fast-decay component (k ? [ 0 2  ][L']) intensity 
decays exponentially at about Is*1, which is proportional to the amount o f  (V , due to 
the amount o f  L* being higher than that o f O 2 . So from this fast decay component the 
authors could form an estim ate o f  the amount o f  O 2 produced.
A pulse radiolysis technique was adopted by Lawless et al.}U) to study the 
reaction o f *OH radicals with small TiC>2 (~13mm ) particles in aqueous solutions, in 
order to prove that the species produced by the reaction o f  *OH radicals with T i0 2 
particles are essentially identical with a trapped bole at the surface. The ability to 
explore the chemical and physical properties o f  a charge carrier (in this case a hole), 
w ithout the fast recombination o f  charge carriers and w ithout interference from the 
absorption by the other carrier, is the advantage o f this technique over flash 
photolysis. Oxidation o f  small Ti0 2  particles by pulse radiolysis was found to 
generate *OH radicals yielding trapped holes on the particle surface, it is these trapped 
holes that are proposed to undergo photooxidation reactions.
In the study by Park et al., (14) IR spectroscopy in the study o f the photo­
oxidation o f  C 2H 2 was used. This was done in order to confirm whether the OH 
species, as precursors o f OH radicals, are produced when water is introduced onto the 
photocatalyst. The IR spectroscopy results suggested that absorbing water on the 
surface o f  T i0 2  does produce OH species as well as OH radicals via the OH species 
under UV irradiation.
Lui et al.,(l5) used the spin trapping technique to detect radical intermediates in 
the photooxidation o f  sulforhodamine B under visible irradiation. The spin-trapping 
technique can be used to  directly observe active radical intermediates. Studies by 
Noda et a /.,(1617) have also used the EPR spin trapping technique to detect active 
oxygen species in the UV photoexcited Ti0 2  aqueous dispersions, in aqueous H2O 2 
solutions and in non-aqueous solvents. Perissinotti et a /.,(18) used a spin trapping 
method to detect carbonyl anion radicals formed in the decomposition o f  formate.
2.3 Heterogeneous catalysis at the liquid-solid interface
The liquid-solid interface is complex as it contains a wide range o f  variables to 
be considered. Some o f  which include; surface composition, surface area,
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concentration o f  photocatalysis, pH o f solution, solvent environment, diffusion rates 
etc. Over the last several years, numerous studies have demonstrated the efficiency o f  
photocatalytic oxidation o f  organic compounds in aqueous T i0 2 suspensions. As the 
process yields rapid, non-selective oxidation o f  a broad range o f  organic compounds 
to CO 2 and H 2 O its application in the removal o f organic contaminants from 
wastewaters and drinking water has escalated.
The most important reaction in photocatalysis is the oxidation o f  adsorbed 
water or hydroxide ions by holes to produce hydroxyl radicals,(19) widely believed to 
be the most important oxidizing species in TiC>2 photocatalytic systems, (Eqs. 2.5 & 
2 6 ),
h + H20(ads>----------► *OH + H (2.5)
I f  +  2 0 H'(ads)------> *OH +  O H ' (2.6)
The detection o f  the hydroxylation products(2021) provides supporting evidence 
o f  *OH as an active species, along w ith the electron paramagnetic resonance EPR 
detection o f  *OH using spin traps to  scavenge the *OH, as previously discussed in 
section 2 . 2
W hen T i0 2  is irradiated, holes in the bulk are formed upon photon adsorption. 
These holes then migrate to the surface where they can interact with surface water or 
hydroxyl groups (= TiOH) to form *OH or =TiO* respectively, or trapped as 
subsurface holes. The trapped hole may interact with organic molecules through 
direct electron transfer both through the surfacial -O -  or -T i- species. Through *OH 
or TiO* it reacts via a mediated pathway. This distinction is important, as the
intermediates formed in the paths may be different. Hence to investigate which
pathway is facilitated in the initial process o f  the photocatalytic reactions, it is 
necessary to  monitor the intermediate radicals formed during the reaction.
Jaeger and Bard(22) authored one o f  the first reports on the production o f  *OH 
radicals, in the photo-assisted decomposition o f  water in a Ti0 2 /Pt photo- 
electrochemical cell Using spin traps they reported free radical intermediates during 
the in-situ radiation o f  T i0 2 and Pt/TiC>2 powders in aqueous solutions. Evidence was 
provided with the use o f  spin traps for the formation o f  hydroxyl (*OH) and 
hydroperoxy (*0 2 H) However, some uncertainty about the results remained due to its 
indirect method.(23)
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Trapped holes have been proposed to directly oxidize adsorbate molecules(24) 
or react with surface hydroxyl groups or water to produce hydroxyl radicals, which 
are strong oxidising agents.(25) The trapped hole is usually described as an adsorbed 
hydroxyl radical whose nature is probably represented by the spin resonance between 
hydroxyl and lattice oxygen, -O - .  However, most evidence favours the *OH radical 
mechanism o f  oxidation o f  organic products. Hole oxidation has been suggested for 
com pounds lacking abstractable hydrogen and for some aromatic compounds as 
evidenced by reflectance flash photolysis.(26)
M inero et al., (27) were concerned with covering the TiC>2 surface with fluoride 
ions replacing the hydroxyl groups. The redox process o f  phenol degradation, would 
follow direct routes from those in the presence o f  =Ti-OH species; with the reaction 
proceeding with surface-trapped holes and direct electron transfer. It was concluded 
that the kinetic pathways for the reaction w ith subsurface holes and with free *OH in 
solution predominated. Further, it was shown that the direct electron transfer is at a 
maximum 10% o f  the overall reaction rate on fluorinated titania through the free *OH 
radical pathway. At the end o f  the study it was found, by kinetic analysis, that three 
oxidant species are suspected to  be present in the photocatalytic system (Ti0 2 /F), the 
hole, the surface-trapped hole (=TiO#), and the free *OH radical. It was stated that the 
photodegradation o f phenol proceeds almost entirely through a homogeneous *OH 
radical reaction. On bare Ti0 2 , mechanisms involving direct electron transfer and 
interaction o f  organics with the bound surfacial hydroxyl radical are responsible for 
the reaction pathway.
Photogenerated electrons may also play a role in the photocatalytic
degradation o f  chlorinated phenols. Trapped electrons reduce pre-adsorbed acceptors, 
with subsequent secondary steps. Acceptors need to be preadsorbed at the 
photocatalyst particle surface to allow the slow er chemistry to effectively compete 
with ultra fast electron/hole recombination at the surface.(28) In a TiC>2 dispersion, the 
acceptor is the O 2 molecule, producing *OH<ads) radicals, and the superoxide radical 
anion;
{Ti4, -O’ -Ti4 *}-OH" <— ► {Ti4 - 0 2 '-T i4 }-*OH (2.4)
02(ads> +e ---- ► O2* (2.5)
On protonation, 0 2#'(ads) yields the hydroperoxy radical H 0 2#(ads).
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02*’(ads) +  H + -----► H(>2#(ads) (2 .6)
The electron can also be trapped at Ti4+ sites to produce surface Ti3+,
{Ti -} surface + C ------► {Ti ~}surface (2.7)
to impart a blue-violet colouration to the TiC>2 particles in the presence o f  hole- 
scavengers.
The major route o f  mineralization o f  organic substrates is by hydroxylation. 
Such products could, in principle, be formed either by homolytic attack by a hydroxyl 
radical on a ti system or by hydration o f  a singly oxidized intermediate. The 
competing roles for the photogenerated *OH radicals and for the trapped holes in 
photocatalysis have been researched in depth.
Lawless et al.}29) used the pulse radio lysis technique in order to study the 
reaction o f  *OH radicals with small TiC>2 particles in aqueous solution. They argued 
that the species produced by the reaction o f  *OH radicals with TiC>2 particles is 
essentially identical with a trapped hole at the particle surface. Confirmation o f  the 
oxidative abilities o f  the product was confirmed by the oxidation o f  SCN' to give the 
anion radical (SCN V . A trapped hole was identified at the particle surface as the 
product o f  the #OH reaction and the particle surface.
A study o f  a TiC>2 film irradiated in terephthalic acid solution with UV light(23) 
tries to determine which o f  the processes, photogenerated *OH radicals and trapped 
holes, are in dominance. Over time the fluorescence intensity increased at ca. 425nm 
with increasing illumination time, the spectrum  had the identical shape and maximum 
wavelength o f  2-hydroxyterephthalic acid. This implyed that fluorescent products 
were due to the reaction between *OH and terephthalic acid. In the same study, the 
role o f  positive hole oxidation and its importance was also studied. Using the EPR 
technique and laser flash photolysis it was found that a paramagnetic species is 
formed after illumination o f  T i0 2 this could be assigned to surface holes. The identity 
o f the trapped hole is an oxygen anion radical (O**) covalently bound to titanium 
atoms above or below the surface. Confirm ation o f  this study was provided by other 
authors Howe and Oratzel(30) and Micic et
Howe and Gratzel(30) studied the UV irradiation o f  hydrated anatase and 
observed a paramagnetic species. Irradiation at 4.2 K in-vacuo produced electrons
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trapped in the bulk at Ti4+ sites within the bulk and holes trapped at lattice oxide ions 
immediately below the surface. These species were capable o f  decaying rapidly in the 
dark and warming to room temperature. In the presence o f  O 2 the trapped electrons 
are removed and the trapped holes are stable to 77 K. Analysis showed that O*' is 
covalently bound to Ti atom s with non-equivalent crystal field splitting from adjacent 
atoms.
In the study by Micic et al.}iX) it was also stated that the hole adduct is a 
subsurface oxygen radical. In aqueous solutions o f  TiC>2 colloids covered with OH 
groups, the presence o f  methanol initiates efficient hole transfer from the oxygen 
within the lattice to the methanol. In irradiated aqueous solutions o f  methanol at 
1.9K, EPR signals centred around g = 2 and have a line shape characteristic o f  the 
CH 2 0 (H) radical. This observed radical was reported to indicate that transfer o f  a 
hole from the oxygen lattice to the m ethanol molecule occurs. At 1.9 K, only the OH 
group could be seen and the location o f  the hole on the OH group could not be seen. 
In the same solution without methanol, the surface OH groups trap holes as the 
oxygen anion radical thus, Ti4 +-0 -T i4 ’ -0*. In the aqueous solution, methanol is 
directly photo-oxidized by the hole, and products o f  this reaction (CH2OH and Ti3+) 
are different from those in which CH3OH is chemisorbed on the Ti0 2  surface OCH3, 
•CH2OH/CHO and Ti3’ ).
Further evidence was provided again by M icic et al.}32) on the paramagnetic 
species formed on irradiation o f  aqueous Ti0 2  colloids in the presence o f  methanol. 
At 1.9K laser irradiation o f  an aqueous solution o f  methanol produced an EPR signal 
characteristic in shape to the CH 2OH* radical. Different radicals are formed when 
CH 3OH is chemisorbed on TiC>2 . The EPR signals show also the formation o f  the 
CH 2OH* radical due to the oxidation o f  chem isorbed methanol on TiCb, which 
oxidize further to CHO*. In the absence o f  methanol, holes are trapped by surface 
hydroxide groups forming Ti4 +-0 -T i4 +-0*.
El-Morsi et a /.,(33) observed that 1 ,10-dichlorodecane was shown to be 
effectively photodegraded in aqueous suspensions o f  TiC>2 . The kinetics o f  
photodegradation followed a Langm uir-H inshelwood model suggesting that the 
reaction occurs on the surface o f  the photocatalyst. The presence o f  h \b  and #OH 
radical scavengers including methanol and iodide inhibited the degradation supporting 
a photooxidation reaction. The lack o f  transform ation o f  D2C 10, in acetonitrile as
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solvent, indicated that the major oxidants were *OH radicals. The presence o f  
tetronitromethane, eliminating the formation o f  free #OH radicals, was shown to  affect 
the degradation rates significantly. This result, combined with the observed increase 
in photocatalysis rates, confirmed that the reaction involved adsorbed 1 , 1 0 - 
dichlorodecane and surface bound *OH radicals.
Nosaka et a /.,(34) measured the ratio o f  carboxymethyl radicals to methyl 
radicals in-situ for the photocatalytic decomposition o f  acetic acid over platinized 
TiC>2 powder in deoxygenated aqueous solution at room temperature. The 
contribution o f  *0 radicals in the oxidation process was discussed. Since 
carboxymethyl radicals are formed only by indirect oxidation, the radical ratio was 
used to measure the indirect oxidation via *OH radicals. Thus, ratios o f the indirect 
oxidation were estimated for 5 commercial T i0 2 photocatalysts. The ratios were 
found to be sensitive to the characteristics o f  the T i0 2 catalysts, the larger the amount 
o f  surface OH group, the more likely indirect oxidation via *OH radicals occurs. This 
could be attributed to the difference in the structures o f  the surface trapped holes 
elucidated by the EPR measurements o f  the corresponding Ti0 2  powder at 77 K.
In a previous report(35) in-situ EPR observation o f the photocatalytic oxidation 
o f  acetic acid provides information on the ratio o f  the two pathways. In this reaction 
system both the methyl CCH 3 ) and carboxym ethyl (*CH2COOH) radicals can be 
detected. The methyl radicals are formed both from the direct hole oxidation and the 
indirect oxidation via *OH radicals, while the carboxymethyl radicals could be formed 
only by the indirect oxidation. In the proposed reaction scheme *CH3 radicals are 
formed via tw o reaction pathways. Firstly, the direct hole oxidation o f  the adsorbed 
molecules with the photoinduced holes (V ) at the valence band, and secondly the 
indirect oxidation via *OH radicals which are formed by the oxidation o f  water. On 
the other hand *CH2COOH radicals are formed only via *OH radicals (Eqs. 2.8-2.11),
CH 3COOH + fr — ► #CH3 + C 0 2 + ( 2  8 )
CH 3 COOH + *OH — ► #CH 3 + C 0 2 + H20  (2.9)
H20  + IT — ► *OH + H f (2 . 1 0 )
CH 3COOH + *OH — > T H 2COOH + H20  (2.11)
Lui et a /.,(15) discussed the visible light-induced photocatalytic oxidation o f the 
dye alizarin red (AR) in T i0 2 aqueous dispersions. The active oxygen radicals (0*‘ or
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HOO*) and hydroxyl radicals (*OH) are generated during visible irradiation o f  
AR/Ti0 2  dispersions in the initial photooxidation stage. Adsorption o f  AR onto Ti0 2  
is shown through the sulphonate functional group. The main point o f  attack by the 
active oxygen radical was the part o f  the molecule with the largest frontier electron 
density. This was consistent w ith the experimental results that phthalic acid was 
formed as the main photooxidation product.
Investigations(l8) have shown that rates o f  photocatalytic reduction o f  carbon 
tetrachloride and trinitritolulene are enhanced when methanol is added as a sacrificial 
electron donor. The OH and /or hole scavenging by the alcohol not only decreases 
electron-hole recombination but also generate a-hydroxym ethyl radicals, which in 
conjunction with conduction band electrons reduce CCI4 and trinitrotoluene directly.
Lui et al.,(i6) studied the in-situ irradiation o f  aqueous sulforhodamine B (SRB)- 
Ti0 2  air saturated dispersions using the EPR spin traps DMPO and PBN. Hydroxyl 
radical (*OH), hydroperoxyl radical (HO 2*) and hydrated electrons (e'aq) were 
detected. It has been suggested that oxygen m olecules rather than active oxygen 
radicals are the main oxidizing agent.
O 2 + e'aq (or e'cv) ---- > O 2 ' (2 . 1 2 )
H + O 2 <— ► HO 2 (2.13)
H 0 2* + H 0 2# ---- >02 + H2 O2 (2.14)
O 2 + e + 2H+ ---- ►H2 0 2 (2.15)
H 2 O 2 + e ---- > OH + OH (2.16)
The affect o f  transition metals on the rate o f  photocatalytic oxidation has been 
studied by Butler et al.(X9) Experim ental results indicated that Cu(II) , Fe(II) and 
Mn(II) had a twofold increase in the initial reaction rate. The metals also enhanced 
the removal rate through a homogeneous reaction pathway rather than through a T i0 2 
surface reaction. The pH dependence, the evaluation o f  kinetic data and the absence 
o f  a clear correlation between reaction rate and particular metal hydrolysis species 
point to a mechanism involving a reactive com plex between the discussed metal, the 
organic substrate, and an oxygen containing species such as H2O 2 or O 2 **.
Schwitzgebel et studied the photocatalytic air oxidation o f  tt-octane, 3-
octanol, 3-octanone or rt-octanoic acid films on aqueous 0.5M NaCl with buoyant 
nanocrystalline n -T i0 2-coated glass microbubbles. They observed not only the
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inhibition o f  air oxidation by dissolved Fe3+ ions but the products and intermediates 
proved that not only holes but also electrons participate in the oxidation reaction.
They reported that the molecular oxygen has two roles: it accepts the electron 
generated in a TiC>2 crystallite and is reduced to a superoxide oxygen (O 2*' or HO2*); 
and it combines with the organic radical, generated upon the hole or *OH radical 
reaction with the reactant, to produce an organoperoxy radical (ROO*). The 
superoxide radical combines with the organoperoxy radicals to form an unstable 
tetraoxide, which decomposes. Early in the reactions CO 2 evolves in the reaction 
sequence. They stated that as dissolved Fe3+ ions compete for the photogenerated 
electrons, and oxidize the O 2* to  O 2 , they reduce the CO 2 yield in the photocatalytic air 
oxidation o f  the four electrons. The photocatalytic air oxidation o f  w-octanal is not 
inhibited by Fe3+; that is, it does not involve the O2 * radical. It is a hole (or *OH 
radical) initiated, radical propagated, autoxidation reaction. Not only holes but also 
electrons have an essential role in the T i0 2 -photocatalyzed or oxidation o f  most 
organic compounds. Oxidation only by holes or #OH radicals, even when an 
oxidizing agent other than moleculer oxygen rapidly captured the photogenerated 
electrons, was much slower than hole initiated molecular oxygen consuming 
oxidation. The photogenerated electron participated in most, but not all. oxidation 
processes by reacting with molecular oxygen to form a superoxide radical. This 
relatively non-reactive radical combined with the organoperoxy radical formed by the 
hole reaction generated organic radical reacting w ith molecular oxygen. The product 
o f the com bination o f  the organoperoxy radical and the superoxide radical is an 
unstable organotetraoxide , which decom poses to products. This pathway does not 
apply to aldehydes, where the photocatalytic air oxidation is a conventional radical 
initiated, alkylcarbonyl radical propagated chain reaction that, interestingly, also 
involves a tetraoxide.
2.4 Heterogeneous Catalysis at the Gas-Solid interface.
T wo main focuses o f  research are involved in the gas-solid interface firstly the 
identification o f  the reaction intermediates, including detailed reaction mechanisms, 
and reaction kinetics. Secondly the optim isation o f  reaction conditions to enhance the 
photoreaction rate and yield. O f the two aspects concerning gas-solid interface the
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identification o f  reaction interm ediate is more interesting from a fundamental 
mechanistic viewpoint.
Upon band gap irradiation active intermediate species are believed to be 
formed on solid catalysts. Several authors have reported the formation o f  O2’, O ’ and 
O 3* on illuminated Ti0 2  powders at low tem peratures as active species for 
photooxidation reactions/30,38,39)
The effects o f  H 2O and O 2 play an im portant role in the photocatalytic activity, 
especially the photochemical degradation o f  organic compounds, o f  Ti0 2 . As shall be 
discussed in Chapter 3 the adsorption o f  w ater onto the TiC>2 surface caused a 
decrease in the upward band bending, and therefore an increase in the efficiency for 
the recombination o f photogenerated electrons and holes. This is due to the barrier 
height and width, which is smaller for the return o f  a surface, trapped electron into the 
bulk conduction band region. This implies that the reaction rate o f degradation 
decreases with increasing water concentration. Research into the addition o f  O 2 has 
shown that this leads to  an increase in the upward band bending and therefore 
suppressed the electron-hole recom bination process, leading to more efficient 
photoactivity.
Nakamura and Sato(23) used the Surface-enhanced IR absorption spectroscopy 
(SEIRAS) technique in the observation o f  surface products produced during the 
photooxidation o f  gas-phase //-decane on T i( > 2  films coated with an island Au film. 
The bands assignable to  C = 0  stretching, O-H stretching and H-O-H bending were 
observed with good intensity, indicating the form ation o f  ketone(s) and water on the 
surface. SEIRAS showed that //-decane is physisorbed on the surface. Absorptions 
due to water were first developed. The preferential adsorption at the initial stage o f 
reaction indicates that photooxidation o f  //-decane is initiated by abstraction o f 
hydrogen from A?-decane. A band at 1720 cm '1, could be assigned to  adsorbed 
ketone(s), the linear-chain hydrocarbons o f  the ketones exhibit C = 0  stretching at 
1717-1719 cm ’ 1 irrespective o f  their carbon numbers and position o f C = 0. The 
dipole-dipole coupling o f  C = 0  stretching caused the band to grow with a shift o f  1738 
cm '1. The 16C>2 was exchanged for 18C>2 , which resulted in the C = 0  stretching band 
shifting in frequency by 19 cm ' 1 to a lower frequency, thus indicating that //-decane 
was oxidised by active oxygen species from O 2 .
An issue as to whether gas-phase H 2O enhances photo-oxidation reactions 
over sem iconductor photocatalysts has been questioned. The effects o f  EUOfg) on the
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adsorption o f 77-decane was examined and the result showed that adsorbed decane 
was removed to some extent after the addition o f H^Ofg). This may have been caused 
by the H2O being more strongly adsorbed on the surface then 77-decane. For the 
photooxidation o f /7-decane with a mixture o f H20(g) and O2, the increasing rate o f 
C= 0  stretching band was significantly suppressed in comparison when no H20(g) is 
present. They reported that the oxygen isotopic exchange reaction between 18C>2 and 
surface hydroxyl groups (Ti-,6OH) over illuminated TiC>2 powders is completely 
inhibited by the addition o f H2O to the system. This result indicates the inhibition 
effects o f  H20(g) on the adsorption o f  O2. Therefore, decreases in the photooxidation 
rate in the presence o f H20(g) would be due to the decrease in the amounts o f adsorbed 
/7-decane and O2. Irradiation o f 77-decane in the presence o f H20(g) alone led to no 
changes in the SEIRA spectrum. This results that Au/TiC>2 has no ability to promote a 
photoelectrochemical reaction unlike Pt/Ti02, on which a photoelectrochemical 
reaction o f /7-decane with H20(g) takes place to produce the C= 0  stretching band in 
SE1RAS.(40) The active oxygen formed on Au/TiC>2 remains in the dark. By 
irradiating in oxygen and adding n-decane in the dark it was observed that the bands 
decrease with time lapse.
Oxygen would photo-dissociate on Ti0 2  surfaces to O', which reacts 
spontaneously with O2 to form O3' (Eq. 2.17). In the presence o f  O2, O3' was shown 
to remain in the dark with a lifetime o f  more than 1 minute and oxidize /7-decane to at 
least a ketone. In the absence o f  O 2 , active oxygen species disappear from Ti0 2  
surfaces, probably due to desorption. The superoxide has been often ruled out due to 
isotopic exchange reactions. It was also shown that the superoxide ion (O 2 '), if  
present would be less active for oxidation reactions than O3'.
0 '+ 0 2 «— ► 0 3‘ (2.17)
Einiaga(39) studied which active species are responsible for the oxidation o f  
CO. When the Pt7Ti0 2  surface was irradiated with UV radiation a paramagnetic 
species 0 3 ' was observed. However on just the T i0 2  surface the paramagnetic species 
O 2 ' was observed along with Ti3+. The O 3 ' species observed on the Pt/Ti0 2  surface 
possess a weak covalent bond between the n electrons o f  the oxygen molecule and the 
free electron in O'. This type o f  O 3 ' was responsible for C6  oxidation irradiated in 
equation 2.18,
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0 3' + CO -► C 0 2 + 0 2' (2.18)
O3 was not detected on the T i0 2 sample, and so it can be concluded that the 
addition o f  Pt enhances the stability o f  O3". It was suggested that the hole centre O' 
generated from the lattice oxygen (eq. 2.19), reacted with 0 2 to form 0 3 ' as shown in 
equation 2.20.
There was a detectable signal for the presence o f  O', this could possibly be due 
to the short relaxation time o f  the species, but can be seen in the result obtained for 
CO oxidation. A C 0 2* signal was observed, after irradiation o f CO, suggesting the 
presence o f  O'. For that the photochem ically formed O ' and O 3 ', the active oxygen 
species for CO oxidation are stabilised on the P t/T i0 2 surface.
It has been stated that under aerated conditions, active oxygen species such as 
superoxide radicals, hydroxyl radicals and hydrogen peroxide are all key species to 
initiate reactions.<10) To understand this statem ent Hirakawa(41) used the luminol 
chemiluminescence (CL) probe method and EPR spectroscopy for T i0 2 produced by 
HyCOM method (hydrothermal crystallisation in organic media) to research the 
photocatalytic formations o f  0 2* and H 20 2. The amount o f 0 2* produced by 
photocatalysis decreased with increasing calcinations temperature. This observation 
indicated a decrease in trap sites and in addition the Ti3+ signal at 77K in the EPR 
spectrum decreased with increasing calcinations temperature. The production o f  H2 0 2 
on H yC O M -Ti0 2 was shown to be different in the presence and in the absence o f 
luminol, the production pathways for H 2 0 2 being mainly the two-step reduction o f  0 2. 
In the absence o f  luminol, dim erisation o f  *OH was suggested to be dominant since 
the amount o f  H2 0 2 produced was decreased w ith increased 0 2\  EPR observations 
also supported the fact that luminol is oxidised preferably by #OH radicals rather than 
the direct oxidation o f  a surface hole.
Shang et al.,(A2) recently investigated the photocatalytic oxidation (PCO) o f  
heptane, illustrating the oxidation mechanism and reaction kinetics. It was found that 
the PCO o f  heptane led to the formation o f  final products C 0 2 and H20  at a 
conversion o f  99.7%  via the intermediates such as aldehydes and ketones. It was
h+ + 0 2' —> O ' 
O + 0 2 —> O3
(2.19)
(2.20)
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stated that the reactive oxygen species, O 2 ', O ', O and *OH played an important role in 
the PCO o f  heptane. The photocatalytic activity o f  Ti0 2  could be sustained 
indefinitely due to the formation o f  water as the product, which replenishes the 
consumed hydroxyl radicals.
Work carried out by Gonzalez-Elipe and Che(43) on the photooxidation o f  
ethylene and oxygen on Ti0 2 , identified the first direct adsorption o f  a peroxy radical 
during the photooxidation. Investigations were followed with both chlorinated and 
chlorine free samples along with n O work as regards to the true nature o f  the radicals 
involved in the photooxidation o f  ethylene. All results obtained gave evidence that 
the mechanism in photooxidation o f  ethylene could not involve O', O2 ' and O3 ' but, in 
the systems tested, the photo process depended on the formation o f  OH* and Cl* 
radicals from OH* and Cl' surface groups by the capture o f a hole while the 
photogenerated electron is trapped by Ti4+ ions.
OH* + C2H4 — ► HO-CH2-CH2* (2.21)
HO-CH2-CH2* + 02---- > H0-CH2-CH2-00* (2.22)
Tatsuma et al.,{4A) studied the oxidation o f  organic compounds on Ti0 2  under 
UV-irradiation. The results obtained showed that aromatic and aliphatic substance
was remotely oxidized (see figure 2.2) up to distances o f  2.2mm. The active oxygen
radicals *OH were thought to be the causes o f  organic oxidation. The species diffusing 
in the gas phase were thought to be either *OH or H2 O2 or *OH: or both, which 
directly or indirectly yield *OH photochem ically.
It is still unclear whether *OH or IT are involved as the original active species 
in conventional photocatalytic oxidation o f  organic species, however during remote 
oxidation the hole cannot be involved in the process.
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Figure 2.2. Remote oxidation of an organic probe by UV irradition of Ti0 2
Ohno et a/.,(45) studied the epoxidation o f 1-Decene by H2O2 producing 1,2- 
epoxydecane on the Ti0 2  surface. The Ti-ri2-peroxide generated is considered to be 
the active species, with one o f the oxygen atoms in the peroxo group to be transferred 
to the oxygen via a transition state. The Ti-rf-peroxides are then regenerated by 
H 2O2 . Under visible light there are no electron -ho le  pairs generated in the bulk. 
Instead it is thought that the reaction occurs via surface species, which absorb visible 
light.
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Figure 2.4. Mechanism of the production of 1 ,2-epoxy decane on Ti02
Ishibashi(46) studied the formation o f  active oxygen species on Ti0 2  film by 
use o f a chemiluminesence method. The luminescence is caused by chemical
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reactions o f  luminol or M CLA with species formed on the TiC>2 via photocatalytic 
reactions. It was also shown that the luminescence caused by luminol on the pre­
irradiated TiC>2 is not due to H 2O 2 but due to more reactive species. An 
uncharacterised short-lived reactive species and a long-lived species w ere both 
formed. The long-lived active species was O 2 ', this was discovered by using the 
scavenger superoxide dism utase (SOD) and NaN 3 . A reasonable interpretation o f the 
decay characteristics o f  O 2 ’ can be stated in terms o f  less mobile O 2 \  which does not 
react with other chemical species existing on the Ti0 2  surface, but which is 
deactivated via release o f  an electron to TiC>2
El-M aazawi et a /.,(47) studied the adsorption and photocatalytic oxidation o f 
acetone on Ti0 2  in an in-situ Transm ission FT-IR  study. They presented data 
showing that the formation o f  mesityl oxide ((CH 3 )2 C=CHCOCH 3 ) during the 
adsorption o f  acetone on TiC>2 is a function o f  acetone coverage and pre-adsorbed 
water on the TiC>2 sample. The rate o f  acetone oxidation was found to  be higher on 
the TiC>2 hydrated surface than on the dehydrated TiC>2 surface. Three potential 
photocatalytic oxidation mechanisms were reported,
•  The rate determining step in one mechanism is the formation o f  the 
reactive species O'(ads) from gas phase O 2 in the absence o f  preadsorbed 
H 2 0 ,
•  In the absence o f  oxygen the involvement o f  lattice oxygen occurs, at 
later reaction times the lattice oxygen is depleted and the role o f the 
molecular oxygen is to  replenish these sites,
•  In the presence o f  preadsorbed H 2O the reactive hydroxyl radicals 
initiating the photo-oxidation.
2. S Charged versus Neutral Reactive Oxygen Species
The ground state o f the oxygen m olecule is a triplet state with two
unpaired electrons, at slightly higher energy there are two low lying electronically 
excited states, the singlet 1 Ag and 1 Y ' levels as represented in figure 2.4 below.
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Figure 2.4. 7tg orbital occupancy and energies o f singlet and triplet dioxygen.
Krylov(48) proposed that singlet oxygen is formed from O2 ' on transition metal 
oxides and that it is this active form o f  oxygen that interacts with olefins. M unurea et 
a /.,(49) adopted the approach based on the use o f  chlorinated Ti0 2  to produce singlet 
oxygen on surfaces. A recent investigation(50) into the generation o f  singlet oxygen in 
the system o f  TiC>2 colloid sensitised by hypocrellin B has been reported. TEMPO is 
a stable nitroxide free radical, which is formed by the reaction o f ^ 2  and TEMP (an 
* 0 2  probe), with no interference from possible side products.(51) The EPR spectrum 
shows a triplet due to the TEMPO radical. W hen sodium azide,(52) commonly used to 
inhibit singlet oxygen dependant reactions, w as introduced to the chelate the EPR 
signal was found to  decrease significantly. This provides further evidence that 
TEM PO resulted from * 0 2  generated in the H B -Ti0 2  chelate photosensitization. Few 
reports have stated that singlet oxygen could be produced by Ti0 2  colloid under the 
irradiation o f  ultraviolet light due to the large energy gap o f the conductor. A 
proposed pathway o f  singlet oxygen is the energy transfer between the excited triplet 
state o f the chelate and the ground state oxygen in the B-Ti0 2  photosensitization, as 
shown below in equation 2.23,
H B -T i0 2 ------ ► ‘H B -T i0 2 > 3H B -T i0 2 —22-» ‘0 2 (2.23)
Irradiation o f  TiCh, but not o f  coated TiC>2 , in ethanol generates singlet oxygen this 
was demonstrated by Konaka et a /.(53) Confirm ation was obtained by the involvement
o f singlet oxygen in the TiC^-induced photooxidation o f  uric acid(54) and methyl 
oleate.(55) The formation o f  superoxide was also confirmed.
Several possible pathways exist for the generation o f singlet oxygen by TiC>2 
in ethanol. One possible pathway, although efficiency o f  the reaction is low, is the 
dismutation o f  the superoxide anion to  form H 2 O 2 and 102 (56) The conversion o f 
superoxide to singlet oxygen is energetically unfavourable, no experimental evidence 
to support this pathway has been observed /57 58) Trapping o f the O 2’ with DMPO 
causes the EPR signal intensity o f  4-oxo TEM PO to increase, thus the generation o f 
* 0 2  by O 2 ' is unlikely.
A sim ilar pathway to that described above was reported by Suigamato et a /.(59) 
The study was concerned with the electrolytic reduction o f  protons in oxygen 
containing acteonitrile, generating * 0 2  at a platinum-electrode surface that gives 
orientated molecules with the H-ends o f  HOO# . A similar mechanism has been 
proposed at the surface o f irradiated Ti0 2 .
T i0 2 + 0 2 — £ ->  0 2'(a) ------ ► HOO*(a) (2.24)
2H O O \a ) > H— O — O  ------ ► H 20 2 + l0 2
I1
H— O —O  
Scheme 2
Evidence for the photoproduction o f  H 2 O 2 in aqueous solutions have been 
provided by several studies/60"62* A different route for the photogeneration o f 4-oxo- 
TEM PO is the oxidation o f  4-oxo-TM P at the semiconductor hole (h~) o f 
photoexcited T i0 2 followed by the reaction with 3C>2 either successively/concertedly. 
The effect o f  added DMPO cannot be explained by this mechanism thus this pathway 
has been eliminated for the generation o f  singlet oxygen.
The most likely pathway is the generation o f  *02 directly on the surface o f  
T i0 2 is by photosensitization. UV absorption greater than the semiconductor band 
gap energy o f  the Ti02 generates electron-hole pairs. As most o f the electron - hole 
pairs spontaneously recombine liberating energy(63) the singlet oxygen may be formed 
directly from triplet oxygen in ethanol at the T i0 2 surface. The generation o f  4-oxo- 
TEM PO in the irradiated samples exhibited a lag period, the S shape o f  the generation
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versus time curves suggests the involvement of an induction mechanism for l0 2 
formation as shown in figure 2.6 below.
3 ---------------------------------------------------------------------
i  2 •
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Figure 2.6. Results from the EPR spectra obtained during the irradiation of Ti02. Signal 
intensities were obtained with 0.4 (triangles), 1.6 (open circles), and 4mg/mL of 
Ti02 (squares) Surface coated Ti02 (1.6mg/mL) was also used (closed circles). 
Plotted against concentration of 4-oxo-TEMPO.
Singlet oxygen can also be produced by the reversal of electron transfer (ion- 
annihilation) between a hole on the T i0 2 surface and the 0 2‘ ion generated from 30 2 
by a photoexcited electron.(61) This mechanism shows that J0 2 and 0 2* can be 
generated on the T i0 2 surface. This mechanism has also been demonstrated with 
electrochemically generated 1,2-diphenylisobenzofuran cation radicals.(64) However, 
this mechanism is thought unlikely as the reverse reaction for the formation of 0 2' via 
a one electron transfer from electron donor, such as amines to J0 2, hardly occurs 
(scheme 3).(65)
TiO a +  Q, TiCY + TiO, + *Oa
r i U ’ j  1 'K I
Scheme 3
A singlet oxygen quenching mechanism, which involves electron transfer with 
0 2\  has been proposed by Khan(66)' Khan observed that the signal intensity o f  4-oxo-
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TEM PO substantially increased with increasing concentration o f DMPO. The 
reaction scheme shown in scheme 4 displays the possible mechanism for generation 
and interaction o f  both singlet oxygen and superoxide anion by irradiated Ti0 2 .
T i0 2 +  30 2  10 2 — Unknown products
.DMPO_o O
Scheme 4.
Konovalova et <?/.,(67) recently studied the effect o f  photosensitation o f  Ti02 
nanoparticles with cartenoids under red light irradiation. It showed that cartenoids 
facilitate the generation o f O 2 ' and *02 in irradiated Ti02 colloids. At low cartenoid 
concentrations (<3 x 10'5 M) the rate o f O 2 ' production exceeds that obtained in the 
absence o f  cartenoid.
EPR experiments with 2,2,6,6-tetramethyI-4-piperidone and spin traps PBN and 
DMPO showed that both superoxide and singlet oxygen were formed in irradiated 
Ti02 suspensions in toluene and CH 2CI2 . A dismutation o f superoxide to singlet 
oxygen has been proposed via the interm ediate formation o f HO 2* radicals after 
identification o f  the PBN-HO 2* spin adduct.
2 0 ; ' + 2H ’ ---- . H O ;' + HO;*----- ► [HOO-OOH] ---- > H ;0 ; + ‘O; (2.25)
The standard free energy o f 37 5 kcal reported for this reaction168* provides 
sufficient energy for the generation o f  singlet oxygen. The authors however, could 
not exclude the possibility that singlet oxygen might also be generated directly from 
triplet oxygen on the irradiated TiC>2 surface
2.6 Summary
In the heterogeneous photocatalytic system, the efficiency for chemical 
transformation depends on the photoactivity o f  the adsorbate molecule and the 
catalyst substrates. At the liquid-solid interface the primary active oxygen species
50
was thought to be the *OH radical formed by the photogenerated holes reacting with 
either water or hydroxide ions.
Hole oxidation has also been suggested for compounds lacking abstractable 
hydrogen and for some aromatic compounds. On bare Ti02 direct electron transfer 
and interaction o f  organics with bound surface hydroxyl groups are responsible for the 
reaction pathway. Photogenerated electrons have also been shown to possibly play a 
role in the degradation o f  chlorinated phenols.
Recent studies indicate that at the liquid-solid interface, hydroxyl radicals are 
the dominant reactive species. The effect o f  transition metals on the rate o f  
photocatalytic oxidation provided interesting results which indicated that Cu(II), 
Fe(III) and M n(II) has a twofold increase in the initial reaction rate.
Research effort into the gas-so lid interface has been in the identification o f  
reaction intermediates, reaction mechanism s and reaction kinetics. The research 
efforts indicate that at the gas-solid interface most o f  the main reactive oxygen species 
mentioned play a role in the degradation o f  organic compounds, depending on the 
reaction conditions, while the reactant itself plays a role in influencing which reaction 
pathway the molecule takes.
It has been seen that singlet oxygen is formed from O2 on transition metal 
oxides and singlet oxygen is the species, which interacts with olefins. Research 
efforts into singlet oxygen seem to be limited w hen it comes to research efforts o f  the 
charged oxygen species, with more work being done on the pathway for generation o f  
singlet oxygen, rather than its reactive properties.
EPR spectroscopy can be widely used to examine paramagnetic species on the 
surface o f  TiC>2 , particularly with the objective o f  identifying radicals formed under 
UV irradiation, which may be important in photocatalytic processes. These 
paramagnetic species can give valuable inform ation regarding the surface properties 
o f  the nanoparticle TiC>2 samples.
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Chapter 3
An Introduction to Solid State Chemistry
3.1 An Introduction to Solid State Chemistry
Most o f  the chemical elements and their com pounds are solids at room 
temperature. The study o f  solids and the factors that determine their structure and 
properties are therefore important areas o f  research for chemists. The electronic 
theory o f  valency provides the basis o f  our m odem  understanding o f  chemistry. This 
makes the study o f  the electronic structure o f  solids particularly important. Many o f  
the characteristic properties o f  solids depend directly upon the behaviour o f  the 
electrons within them, for example, electrical conductivity, the optical, magnetic and 
surface properties o f  solids. At the turn o f  the 20th century the classical electron 
theory was developed. Paul Drude(U) postulated that free electrons in metals ‘drift’ 
in a response to an external field and interact with certain lattice atoms. This was the 
first microscopic description o f  electrons in solids.
Solid-state chemistry is a subject that is relevant to modem technology. It is 
concerned with the synthesis, structure, properties and applications o f  solid 
materials.13) This encompasses inorganic and metallic solids. Organic solids, which 
exhibit physical properties such as electrical conductivity, can also be included. O f 
particular relevance in the field o f  solid-state chemistry is the study o f  metals, 
semiconductors and insulators; this shall be considered in more detail shortly. An 
understanding o f  the variety and complexity o f  structure types is central to an 
appreciation o f  solid-state chemistry. This includes not only the description and 
classification o f  crystal structures, with a working knowledge o f  space groups but 
also an evaluation o f  the factors that influence and control crystal structures.
An important structural aspect is the defect structure o f  solids. All solids 
contain defects o f  some kind and often these have a great influence on properties such 
as electrical conductivity, mechanical strength and chemical activity. Several 
methods are available to synthesize solids some o f  which are unique to solid-state 
chemistry. Methods include solid-state reaction, vapour phase transport, precipitation 
and electrochemical methods. There are a variety o f  physical techniques and methods 
used to analyse and study solids, unlike the techniques used to study liquids and
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solutions. There is less emphasis on spectroscopic methods and more on various 
diffraction (e.g. X-ray diffraction), and microscopic techniques.
As mentioned previously metals, semiconductors and insulators are o f 
particular importance in the solid-state chemistry studies, the main difference 
between metals, semiconductors and insulators is the magnitude o f their 
conductivities, o. Metals have the ability to  conduct electricity very easily, with
typical values o f  a  in the range o  ~ 104 to 106 ohm '1 cm '1, insulators o  £  10*15 ohm' 
'em '1 and semiconductors lie in between, a  ~ 10'5 to 103 o h m 'e m '1.
The reason for this large difference in conductivities originates from the 
mechanism o f  conduction in metals and semiconductors/insulators; the conductivity 
o f  most semiconductors/insulators increases with increasing temperature, on the other 
hand metals show a slight decrease in conductivity on increasing temperature. The 
conductivity, o , is given by the equation,(3)
cr= n e  fu (3.1)
where, n is the number, e the charge and p  the mobility o f the charge carriers. 
In the case o f  metals, as the temperature is raised the electrons gain energy causing 
collisions, which in turn results in an increase in lattice vibrations. This leads to a 
greater displacement o f the ions from their lattice sites, thus hindering the movement 
o f  electrons through the ionic material and, therefore, reducing their mobility as 
shown in figure 3 .1. In solids, conduction can only occur if electrons are promoted to 
the conduction band, as only then will there be a partially full band.
Conductor
o
&ncr
Temperature K
Figure 3.1. Conductivity of semiconductors and conductors as a function of temperature.(5)
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As the temperature rises the number o f  electrons promoted increases and so 
the current increases as demonstrated in figure 3.1. At any one temperature more 
electrons will be promoted for a solid with a small band gap than for one with a large 
band gap, so that the solid with the smaller band gap will be a better conductor.(4)
3.2. Band Theory -  Electronic structure o f solids
Metallic structure and bonding are characterised by delocalised valence 
electrons (these are responsible for the high electrical conductivity o f  metals(6)). This 
opposes that o f  ionic and covalent bonding in which the valence electrons are 
localized on particular atoms or ions and are not able to move through the structure. 
The electronic structure o f  metals, semiconductors and other solids can be described 
in terms o f  the band or zone theory. Within this theory the differences between 
metals, semiconductors and insulators depend on,(7)
• The band theory structure o f  each,
•  Whether the valence bands are full or partially full,
•  The magnitude o f  any energy gap between full and empty bands.
The band theory o f  solids is well supported by X-ray spectroscopic data and 
by two independent theoretical approaches, the chemical approach and physical 
approach.
3.2.1 The Chemical Approach'
The chemical approach to band theory is to extend molecular orbital theory, 
which is usually applied to small finite sized molecules, toward infinite three- 
dimensional structures/3* In a diatomic molecule, an atomic orbital from atom one 
overlaps with an atomic orbital on atom two resulting in the formation o f  two 
molecular orbitals, as shown in figure 3.2, which are delocalised over both atoms. 
One o f  the molecular orbitals is ‘bonding’ and has lower energy than that o f  the 
atomic orbitals the other is ‘antibonding’ and is o f  higher energy than the atomic 
orbitals.
In polyatomic molecules, a greater variety o f  molecular orbitals can be 
formed.(6) The molecular orbital theory emphasizes the delocalised nature o f  the 
electron distribution, so that molecular orbitals are generally extended over all the 
atoms. The total number o f  molecular orbitals formed (which may be bonding,
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antibonding or non-bonding) is the same as the number o f valence orbitals used to 
make them. As the molecules become larger their molecular orbitals become 
progressively more abundant and more closely spaced in energy, and the molecular 
orbitals formed will not be arranged uniformly over all energies.
ENERGY
Atomic Orbital
ANTIBONDIN G
AE
Atomic Orbital
BONDING
Molecular Orbitals
Figure 3.2. Schematic representation for the formation of bonding and antibonding 
combinations of 2s-orbitals.(3,5)
In some energy regions there are no orbitals, which corresponds to a gap 
between the bands. Within allowed bands more orbitals can be concentrated together 
at some energies more than others, as illustrated in figure 3.3.
(e)
D ensity  o f  States N (E )
Figure 3.3 Orbital energies of (a) atom, (b) small molecule, (c) large molecule (d) solid 
and (e) density of states corresponding to (d).,t>;
59
The density o f  states (N(E)) is defined as: -
•  N(E)8E is the number o f  allowed energy levels per unit volume o f  the 
solid, in the energy range E to E+5E.
•  N(E) is zero in the forbidden band gaps.
Metals may be regarded as infinitely large ‘molecules’ in which an enormous 
number o f energy levels or ‘molecular’ orbitals are present (i.e., ~ 6 x 1023 for one 
mole o f  a metal).(7) Each level is now referred to as energy levels or energy states as 
each ‘m olecular’ orbital is delocalised over all the atoms in the metal crystal.
The valence or outer electrons from atoms are placed in the bands in a similar 
way to  the molecular theory. The electronic arrangement influences different 
properties depending on the filling levels o f  the bands. The valence band is the 
highest energy band containing electrons; containing the outer (valence) electrons o f  
the atoms. The lowest energy band, which is empty above the valence band, is called 
the conduction band. The separation between the valence band and the conduction 
band is known as the energy gap and dictates the size o f  the gap the overall electronic 
properties o f  the metal.
3.2.2 The ‘Physical Approach ’
The physical approach to band theory is to consider the energy and 
wavelength o f  electrons in a solid.(3) The free electron theory o f  Sommerfeld(2’8) 
suggests a metal is regarded as a potential well, as shown in figure 3.4. Inside the 
potential well are valence electrons; these electrons are not held very strongly and so 
are free to move. The free electron theory uses the approach o f  calculating the 
available energy levels the electrons may occupy. These energy levels occupied by 
the electrons are quantised and the filling o f  them with pairs o f  electrons occurs from 
the bottom o f  the well upwards. The highest available level to be filled at absolute 
zero is known as the Fermi level. The corresponding energy is called the Fermi 
Energy ( E f ) .  The orbitals close in energy to the Fermi level require little energy to 
excite the uppermost electrons. Some o f  the electrons are therefore very mobile and 
give rise to electrical conductivity. At absolute zero, the ‘Fermi Dirac’ distribution 
corresponds to a sharp cut o ff between completely filled levels below the energy Ef 
and completely empty levels above it.
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At temperatures above 0 K some electrons just below the Fermi level can be 
excited to levels just above the Fermi level by thermal motion o f the atoms. The 
number however, is small compared to the number o f electrons in the band. To date 
most theories involve an approximation that is, electrons occupy all levels below the 
Fermi level.
air, vacuum m eta l air, v acu u m
PE
tW o ik
F u n c tio n
<P
F E R M I E N E R G Y , Ep
Figure 3.4. Schematic representation of electrons in a potential well, as discussed in the 
free electron theory
The population P, o f the orbitals is given by the ‘Fermi-Dirac’ distribution, a 
version o f  the Boltzman distribution*5,9* that takes into account the effect o f the Pauli 
principle.
p = «?<*")'"+1 (32)
where, p is the chemical potential which is the energy o f the level for which P= Vz, E 
is the energy and kT the Boltzman distribution. The shape o f the Fermi Dirac 
distribution is shown in figure 3.5. For energies well above p, the 1 in the 
denominator can be neglected and then
p  * e~(jr'/,)/*r (3.3)
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The population now resembles a Boltzmann distribution, decaying 
exponentially with increasing energy. The higher the temperature the longer the 
exponential tail
o
J
a .o
Pi
1.0
0.8
06
0.4 T = 0
1/10
1/30.2
0
6 -4 2 0 2 64
(E-n)4i
Figure 3.5 The Fermi-Dirac distribution, which gives the population of the levels at 
temperature T. The high-energy tail decays exponentially towards zero. The 
curves are labelled with the value p/kT. The tinted region shows the occupation 
of levels at T= 0.w
The normal reference point for energy within a solid is the Fermi level. 
Outside the solid, however, the natural zero of energy is the vacuum level, Ev, which 
is the energy of an electron at rest, and far away from any electrical charge. The 
relation between the two energies is given by the work function (see figure 3.4) and is 
defined as:
(p — Ev ~ Ef (34)
The work function, cp, is the energy required to remove the uppermost valence 
electrons from the potential well, and is analogous to the ionisation potential of an 
isolated atom.
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The work function o f a metal is, therefore, the minimum energy required to 
remove an electron from the solid into the vacuum. The high electrical conductivity 
o f  metals is due to the drift o f  electrons that are in half-occupied states close to Ef. 
Electrons that are in doubly occupied states lower down in the valence band cannot 
undergo any net migration in a particular direction whereas, those in singly occupied 
levels are free to move. The promotion o f  an electron from a full level below Ef to an 
empty one above Ef therefore gives rise to two mobile electrons.
In more advanced theories the potential inside the well is more periodic and 
not as constant as Sommerfelds’ theory (Figure 3.6). The positively charged atomic 
nuclei are arranged in a regularly repeating manner.(3)
P.E
Distance
Figure 3.6. Potential energy of electrons as a function of distance through a solid
The potential energy o f  the electrons passes through a minimum at the 
positions o f  the nuclei, due to coulombic attraction, and passes through a midway 
point between adjacent nuclei. With the solution o f  the Schrodinger equation for a 
periodic potential function an uninterrupted continuum o f  energy levels does not 
occur but, only certain bands or ranges o f  energies are permitted for the electrons. 
Subsequently, the density o f  states diagrams shows discontinuities (figure 3 .7).
Similar conclusions about the existence o f  energy bands in solids are obtained 
either from both the molecular orbital and periodic potentional approaches. From 
both theories, a similar model exists with bands o f levels for the valence electrons. In 
some materials, overlap o f  different bands occurs. In others, a forbidden gap exists 
between energy bands.
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Figure 3.7. Density of states based on band theory.
3.2.3 Band structure o f metals, insulators and semiconductors
Metals are characterised by a band structure in which the valence band is only 
partially full.(710) For conduction to occur, the electrons have to have enough energy 
to move to a vacancy in another energy level. For this reason conduction does not 
occur in filled bands as the electrons have nowhere to move to. Some levels lying 
just below the Fermi level are vacant whereas some above the Fermi Level are 
occupied (Figure 3 8).
valence band
E f Energy. *.
empty levels
Figure 3.8. Density of states for a metal. The highest occupied band, the valence band, is 
only partly full. The shading shows the occupied levels schematically.
The electrons in singly occupied states close to the Fermi Level are able to 
move thus causing the high conductivity in metals.(5) This means very little energy is 
required to move an electron to a new level. Movement of an electron also results in 
a vacancy, or hole, in the level it has just moved from. In some metals the energy
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bands can overlap (see figure 3.9). The overlapping of bands for example, is 
responsible for the metallic character of the alkaline earth metals.(3,7)
;V(E)
Is 2s
E
Figure 3.9 Overlapping band structure present in alkaline earth metals.
The valence bands of insulators are full and the conduction band empty. The 
two are separated by a large, forbidden gap from the next energy band, which is 
empty (see figure 3.10). The band gap of Diamond for example is ~ 6eV, thus 
making it an excellent insulator. Very few electrons from the valence band have 
sufficient thermal energy to be promoted into the empty band above, therefore the 
conductivity is negligibly small
Figure 3.10 Band structure of an insulator i.e., diamond.
Although semiconductors have a band structure similar to that of insulators, 
the band gap is not as large, usually in the range 0.5 to 3.0eV. This smaller band gap 
as shown in figure 3.11 below, therefore allows some electrons with sufficient energy 
to be promoted into the empty band. As a result of this two types of conduction 
mechanisms exist in semiconductors;
In su la to r
N ( E )
BAND GAP 
* 6 « V
E n e n g y
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•  Any electrons that are promoted into the conduction band are regarded as 
negative carriers moving towards a positive electrode when placed under 
an applied potential.
•  The vacant electron levels left behind in the valence band can be regarded 
as positive holes. These positive holes move when the electron enters 
them, leaving its own position vacant as a fresh positive hole. Effectively, 
holes move in the opposite direction to the electrons.
CONDUCTION BAND 
* ------------- e" e - e ' e '
Band Gap
________________________________ VALENCE BAND
Figure 3.11. Positive and negative charge carriers present in semiconductors.
3.3 Nature and properties o f Semiconductors
A semiconducting crystal at 0 K will not conduct electricity. It becomes 
semiconducting at higher temperatures because o f  thermal excitations over the small 
band gaps that are introduced by impurities, defects or mixed valence.(11) Doping the 
material can also control the electronic properties o f  semiconductors.(2,3) Doping 
controls the concentration o f  carriers (electrons and holes) and the position o f  the 
Fermi Level in the semiconductor. Therefore, in general there are two types o f  
semiconductors, Intrinsic and Extrinsic.
3.3.1. Intrinsic and Extrinsic Semiconductors
A semiconductor in its pure state, where holes and electrons are created solely 
by thermal excitation across the energy gap is called an intrinsic semiconductor. The 
Fermi level is essentially halfway between the valence and conduction bands. 
Although at 0 K no conduction occurs, as shown in figure 3.12a. By increasing the
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temperature a finite number o f electrons can now reach the conduction band this is 
illustrated in figure 3.12b. The concentration o f electrons and holes must always be 
identical as thermal excitation of an electron creates a corresponding hole. The 
number o f electrons (n), which may be in the conduction band, can be controlled in 
two ways either by the magnitude o f the band gap present in the material or by the 
temperature.(3,7)
(a) Conduction band
O K
fcanilcyjdL.
♦ •
♦  ♦
Valence band 
Figure 3.12. An Intrinsic semiconductor at (a) 0 K and (b) 300K.(12)
Elements and compounds which are not semiconducting in the pure state can 
be made semiconducting by doping, these types o f semiconductors are known as 
extrinsic semiconductors. Doping involves removing a very small amount o f the 
lattice element and replacing with another element that contains either fewer or more 
electrons per atom. The doping element must have energy levels similar to those of 
the host. Two forms of extrinsic semiconductors may be formed in this way.
3.3.2 p-type and n-type semiconductors
If a foreign atom, which contains fewer electrons than the host semiconductor 
is implanted into the host semiconductor, the bonds formed between the two atoms 
will, therefore, be electron deficient. Using band theory it is found that discrete levels 
or atomic orbitals are formed just above the top o f the valence band as illustrated in 
figure 3 .13a. This level is known as the acceptor level as it is capable o f accepting an 
electron. The Fermi Level is shifted to a point halfway between the acceptor levels 
and the valence band. The gap between the acceptor levels and the top o f the valence 
band is ~ 0.1 eV. Therefore, electrons from the valence band may have sufficient
3 0 0  K
67
thermal energy to be promoted readily to the acceptor levels. It is not possible for 
electrons in the acceptor levels to  contribute to conduction. The positive holes that 
are left behind in the valence band are able to move, however, a positive hole can 
only move when an electron moves into it leaving its original site vacant as a fresh 
positive hole, the doped semiconductor is known as a p-type semiconductor
Silicon, which is an intrinsic semiconductor, can be converted into an 
extrinsic semiconductor by doping with an element from either Group III or Group V. 
Gallium atoms can replace silicon atoms in the tetrahedral sites o f  the diamond 
structure. In pure silicon, the electron pair covalently bonds to four other silicon 
atoms due to  its four valence electrons. Gallium has only three electrons however, so 
one o f  the Ga-Si bonds must be deficient by one electron/3,7,12,13* At normal 
temperatures, the number o f  positive holes created by the presence o f  gallium dopant 
atoms far exceeds the number created by the thermal promotion o f  electrons into the 
conduction band, i.e., the extrinsic, positive hole concentration far exceeds the 
intrinsic concentration o f  positive holes. Therefore, the conductivity is controlled by 
the concentration o f  gallium atoms. With increasing temperatures, the concentration 
o f intrinsic carriers rapidly increases. At sufficiently high temperatures, the intrinsic 
carrier concentration may exceed the extrinsic value, in which a change over to 
intrinsic behaviour would be observed.
CONDUCTION BAND (j,) CONDUCTION BAND
O.leV
"IT TT ~tT donor level
l.leV
VALENCE BAND
l.leV
acceptor level
O.leV L i
VALENCE BAND
Figure 3.13 Representation of the two types of semiconductors, (a) a p-type semiconductor (b) 
an n-type semiconductor/3 ^
In the second case a dopant with extra electrons may be added to the host 
semiconductor. The extra electron occupies a discrete level that lies O.leV below the
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bottom o f  the conduction band. Again the Fermi Level is adjusted this time to lie 
between the donor levels and the conduction band (figure 3.13b). These levels can 
act as donor levels as the electrons have sufficient thermal energy allowing them to be 
elevated up into the conduction band where they are free to move. Such a material is 
known as an n-type semiconductor?'19 AXU) Silicon can also be converted to an n- 
type semiconductor, when a phosphorus atom is substituted for a silicon atom; four 
out o f  its five electrons are used up in pairing with electrons o f the neighbouring 
silicon atoms. The other electron is weakly attracted to the phosphorus as it has more 
positive charge than silicon, but otherwise it is free to float around and carry electric 
current. The more phosphorus-atom impurities present, the more conduction 
electrons, which results in a higher electrical conductivity o f  the silicon.(9,412)
3.3.3. Differences between Intrinsic and Extrinsic Semiconductors
Extrinsic semiconductors have higher conductivities than similar intrinsic 
ones at normal temperatures. Controlling the concentration o f  doping can accurately 
control the extrinsic semiconductors conductivity. Materials with desired values o f  
conductivity may, therefore, be designed. W ith intrinsic semiconductors, the 
conductivity is very dependant on temperature, stray impurities and band gap size.
The thermal excitation o f  electrons is governed by the Fermi-Dirac 
distribution function.(9) At low temperatures the E f represents the boundary between 
filled and empty levels and so in a non-metallic solid must therefore lie in the gap 
between the valence and conduction bands. In a pure solid the density o f  states in the 
valence and conduction bands are assumed to be equal; the Fermi level is therefore 
placed midway in the energy gap.
E f = (E v-E c)/2 (3.5)
An n-type semiconductor has more electrons in the conduction band than 
holes in the valence band, the extra electrons or in the case o f  the p-type 
semiconductor extra holes cause a shift o f the Fermi level away from its ideal mid 
gap position as shown in figure 3.14.
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(a)
(b)
E f
(c)
Ef
Figure 3.14. Fermi-Dirac distribution in different types of semiconductors: a) pure solid, b) 
n-type and c) p-type semiconductors. (Shading represents occupied levels).(6)
3.3.3 Band bending at semicotiductor surfaces
Contact between a semiconductor and another phase generally involves a 
redistribution of electric charges and the formation of a double layer/14) The position 
of the Fermi level is usually controlled by the energy levels introduced by doping in 
the bulk of a semiconductor. The position of the Fermi level may not be the same at 
the surface compared to the bulk due to energies of the surface states linked with 
defects or adsorbates/6) The Fermi level however, is the same throughout a solid in 
equilibrium. It is therefore the band energies themselves that are different at the 
surface. The transfer of mobile charge carriers between semiconductors and the 
contact phase at the surface interface produces a space charge layer.
The transfer of mobile charge carriers between the semiconductor and 
electrolyte leads to the generation of a space charge layer/14) The charge transfer can 
take place directly across the semiconductor solution surface when the electro-active 
species is present in the electrolyte. In the absence of a suitable redox couple in 
solution, the semiconductor can be polarized by applying an external bias voltage
Valence Gap Conduction
Band Band
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across the function via an ohmic contact, mounted on the back o f  the electrode 05) 
Within the space charge layer the valence and conduction bands are bent, four 
different situations may be envisaged which are represented in figures 3 .15a-d.(14' 16)
When no space charge layer is present (figure 3.15a), the electrons are at the 
flat band potential. If  charges are accumulated at the semiconductor side, which have 
the same sign as the majority charge carriers, an accumulation layer is obtained 
(figure 3.15b). I f  however, the majority charge carriers deplete into the solution, a 
depletion layer is formed (figure 3 .15c). The excess space charge within this layer is 
given by immobile ionised donor states.
Flat band Accumulation Depletion Inversion
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Figure 3.15. Space charge layer formation at the n-type semiconductor interface, (a) Flat 
band situation, (b) accumulation laver, (c) depletion layer and (d) inversion 
layer/14~16)
The depletion o f majority carriers can go so far that the concentration at the 
surface decreases below the intrinsic level. If  the electronic equilibrium is 
maintained, the concentration o f  holes in this region o f  the space charge layer exceeds 
that o f  the electrons. The Fermi level is then closer to the valence band than the 
conduction band and the semiconductor is p-type at the surface and n-type in the 
bulk, i.e., inversion layer (figure3.15d).(14"16)
For p-type materials, analogous considerations apply, whereby the holes are 
the mobile charge carriers. This leads to the negatively charged acceptor states 
forming the excess space charge within the space charge layer, and the bands bend 
down.(,5)
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3.4 Applications o f Semiconductors.
3.4.1 p-n junctions
The fundamental components o f solid-state devices such as transistors, silicon 
chips, photocells, etc., are provided by the use o f  semiconductors in devices. A 
simple example is that o f  the p-n junction (3’4’6’710) Diffusing a doped semiconductor 
o f  one type into a semiconductor layer o f another type forms a p-n junction.
If the bands are level, the junction cannot be in equilibrium as the Fermi levels 
on the two sides are not equal as illustrated in figure 3 .16 below. In the absence o f an 
externally applied potential difference a small number o f  electrons are capable o f  
moving from left to right across the junction however, the band structure then rapidly 
adjusts itself so that Ef becomes the same on either side.
Conduction band______________ e e e
- ................................    e f
Ef  ----- - - - - .....-
E+ h+ h+ Valence band
p-type n-type
Figure 3.16. p-n junction level bands are not in equilibrium because of different Fermi levels 
in p and n sides.'3 6)
An alternative explanation is that a space charge layer rapidly develops at the 
junction as electrons flow across it. The space charge then acts as a barrier to further 
electron flow by creating a depletion region, this then inhibits any further electron 
transfer The electrons, which have migrated from the n to the p  region during the 
formation o f  the depletion layer, have now reached equilibrium (figure 3.17).(,2) 
However, if an external potential difference is applied, the situation changes and the 
p-type end becomes positive while the n-type becomes negative. A continuous 
current is able to flow through the circuit; electrons enter the crystal from the right 
electrode. They flow through the conduction band o f the n-type region, drop into the 
valence band o f  the p-type region at the p-n  junction and then flow finally through the 
valence band via the positive holes, to leave at the left hand electrode. A continuous
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current cannot flow in the opposite direction, as, under normal circumstance, with a 
relatively low applied voltage, electrons cannot surmount the barrier necessary in 
order to pass from left to right across the junction.
p-type
n-type
Couductiou band
Valence band
Key 
O holes
^  dectraes
Figure 3.17. p-n junction in equilibrium, with Fermi level constant throughout.(6)
The p-n junction can therefore be characterised as a rectifier,(6) that is the 
current may only pass in one direction. It may be used to convert a.c.(alternating 
current) into d.c. (direct current) electricity. Rectification o f  a p-n junction occurs 
when a passing current moves more easily in one direction than the other. The 
depletion o f carriers from the junction regions effectively forms an insulating barrier 
between the tw o sides. If  a positive potential is applied to the n-type side, more 
carriers are removed which in turn causes the barrier to become wider this situation is 
known as a reverse bias(6,12) and is shown in figure 3 . 18a.
O © © O
e'
P-type
N-type
Figure 3.18. Rectification of p-n junction under (a) reverse bias, and (b) forward bias mode.(b)
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When a negative potential is applied to  the n-type side the energy barrier for 
the electron and holes at the junction decreases, the carriers may now flow through 
the junction this is known as a forward bias(6,12) and is represented schematically in 
figure 3 .18b. Electrons passing into the p-type semiconductor recombine with holes, 
and the same occurs with holes reaching the p-type side.
The recombination o f  electrons and holes can occur under two mechanisms, 
the first being non-radiative in which the energy o f recombination passes into lattice 
vibrations and so appears as heat. The second is radiative whereby a photon is 
emitted, with the corresponding energy to the band gap o f  the semiconductor. In 
some semiconductors made o f  doped silicon, the recombinations are non radiative. 
W hilst in other semiconductors a fair proportion o f  radiative recombination occurs. 
This type o f  recombination can also occur at impurity sites. Radiative recombination 
occurring in p-n junctions can act as light emitting diodes (LEDs), as they are capable 
o f emitting light when current is passed under forward bias conditions.(6,9) Some light 
emitting semiconductor junctions can also act as lasers where recombination o f  
electrons and holes are stimulated by incoming photons.
The photovoltaic effect(4,6) is the reverse o f  light emission; these are used in 
simple solar cells. Photons with energy greater than the band gap o f a semiconductor 
can be absorbed to produce holes and electrons. These usually recombine but when 
light is adsorbed in a p-n junction, the slope o f  the bands causes the electrons and 
holes to move in opposite directions resulting in separation as shown in figure 3.19. 
Electrons pass to the n-type, and holes to  the p-type, preventing recombination. The 
carriers can be collected by metal electrodes at either end and used to do work in an 
electrical circuit (figure 3.19).
P
Figure 3.19. Photovoltaic effect. Electrons and holes produced by absorption of light in the 
junction and separation by band bending.(6)
74
When the band bending in the junction corresponds to the normal equilibrium 
value there is no potential, as the effective energy o f  electrons and holes reaching 
each electrode is the same. To do electrical work a potential must be generated, 
which reduces the band bending in the junction. Some current will flow as long as 
the potential developed by the cell does not eliminate the bending necessary to 
separate the carriers. As the equilibrium band bending is determined by the 
difference o f  the Fermi levels o f  the n and p type it is this difference that controls the 
maximum voltage from a single junction. For a reasonable proportion o f  photons to 
be adsorbed the band gap o f  the semiconductor must be obviously low enough. Most 
solar cells are made o f  silicon, which has a band o f  1.1 eV, but compound 
semiconductors can also be used i.e., cadimium selenide with band gap o f  1.8 eV.
More complex arrangements are the pnp or npn junction.(3) These can act as a 
current or voltage amplifier. Controlled valency semiconductors find applications as 
thermistors, thermally sensitive resistors. In these use is made o f  the large 
temperature dependence o f  the conductivity. Some semiconductors conductivity 
increases gently with irradiation o f  light these are photoconductive.(3,4)
3.4.2 Schottky Barrier
In many semiconductor applications, it is the interface between the 
semiconductor and other medium that is im portan t/6,14,17) Figure 3.20 shows a 
semiconductor-metal interface, where the Fermi level has been pinned in the middle 
o f  the gap, for example by interface states resulting from a chemical reaction between 
the two solids. This is known as a Schottky barrier; the depletion layer gives rise to 
rectifying properties similar to those in a p-n junction. Band bending can also be 
increased by a reverse bias, when the n-type semiconductor is made positive, as 
shown in figure 3.20.
Only under a forward bias can easy conduction occur, this reduces the energy 
barrier needed for electrons to flow from the semiconductor to the metal. Schottky 
diodes are often used, for high-frequency applications, as they possess a faster 
response than ones with p-n junctions.
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Semiconductor Metal
(a)
Conduction band
Valence band
(b)
Figure 3.20. Schottky barrier formed by metal semiconductor interface, (a) equilibrium, 
(b) reverse bias- no current flows, (c) forward bias decreases barrier to 
prevent current flow.(6)
3.4.3 MOSFET
One o f  the most important switching devices in integrated circuits is the 
MOSFET: the metal-oxide-semiconductor-based field-effect transistor,(6) shown in 
Figure 3.21. An n-type material separates tw o regions o f  p-type silicon, which form 
the source and the drain. Current between the source and drain is normally blocked, 
since one o f  the p-n junctions must be under reverse bias. However, when a negative 
potential is applied to the insulated metal gate, the bands at the surface are bent 
upwards. In the case o f  Silicon, which possesses a band gap o f 1.1 eV, a bending o f 
leV  is sufficient enough to push the valence band edge up close to the Fermi level, so 
as to produce a surface inversion layer with some p-type carriers. This allows current 
to flow between the p-type regions, and therefore switches on the MOSFET. Only a 
small surface charge is required to produce a significant band bending, and it is 
possible to couple a field effect transistor to various chemical reactions that involve a 
charge separation.
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Figure 3.21. Schematic representation of a MOSFET circuit.(6)
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3.4.4 Photoelectrochemistry
When considering the electrochemical interface between a semiconducting 
electrode and an electrolyte solution it is often found that the position o f  the 
semiconductor band edges at the interface are fixed as in the Schotty barrier. The 
surface Fermi level and band bending can be altered by varying the potential o f  the 
semiconductor with respect to the reference electrode. The potential where there is 
no band bending is known as the flat-band potential. This is important as it provides 
energies o f  the semiconductor valence and conduction bands relative to  the redox 
processes in solution.
Band bending at the semiconductor electrolyte interface is important in photo- 
electrochemistry^6,18) Section 3 .4.1 described the action o f a simple solar cell, where 
electrons are generated by adsorption o f  light are separated by the band bending in the 
p-n junctions. The same effect is produced by the band-bending present at the surface 
and is shown in figure 3.22. In an n-type semiconductor, electrons migrate to the 
bulk and holes migrate to the surface where they produce electrochemical reactions, 
therefore, acting as the photoanode. A p-type semiconductor acts correspondingly as 
a photocathode with electrons coming to the surface. As shown in figure 3.22 two 
semiconductor electrodes from the same cell it is possible to use a metal such as 
platinum as a counter electrode. When opposite redox processes take place at the two 
electrodes there is no net chemical reaction but a potential can be generated as in the 
photovoltaic device.
Sem iconductor E lectrolyte Sem iconductor
h v
Figure 3.22. Semiconductor photoelectrodes (a) An n-type photoanode, (b) A p-type 
photocathode. Electrons and holes produced by light absorption separated 
by the surface band bending.(6)
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3.5 Band Structure o f Inorganic solids (TiO^)
Most inorganic materials are more complex structurally than metals and 
semiconducting elements. Many inorganic solids can also be treated profitably using 
band theory, whether or not they are regarded as electrical conductors. Band theory 
can provide an additional insight into the structures, bonding and properties o f  
inorganic solids which complements those results obtained with ionic/covalent 
models. Inorganic materials have also received less theoretical attention o f  the type 
involving band structure calculations. Consequently, their band structures are often 
known only by approximation.(3)
Due to their high lattice energies, simple oxides can contain defects, however, 
creation o f  these defects requires more energy than that for halides. On the other 
hand, transition elements can have high concentrations o f  defects under equilibrium 
conditions. The defects are often associated with deviations from perfect 
stoichiometry and formed because o f  the relative ease o f  reduction or oxidation o f  the 
metal ion. Due to the high dielectric constants the electrons or holes are not firmly 
bound to the defects. Thus, the carriers can be thermally excited into the conduction 
or valence bands producing semiconducting properties.(6)
n-type behaviour in an oxide is a result o f  slight reduction, which leaves extra 
electrons in the solid. This is found in compounds such as ZnO, SnC>2 and TiC>2 . 
Electrons are mobile in the conduction band at higher temperatures but in the ground 
state the electrons are trapped by the lattice defect. Reduction can be accompanied by 
formation o f  interstitial metal atoms, or by oxygen vacancies. An interstitial cation in 
the lattice will give a positive potential that has the ability to trap an electron in a 
bound orbital just below the conduction band edge. The unbalanced positive charge 
at an oxide vacancy also forms a trap.
In understanding the structures o f  metal oxides, the ionic model is a good 
starting point.09*20* The oxygen 2p acts as the valence band and a conduction band 
from the metal orbitals. The lowest metal orbitals are normally d , rather than s as in 
the pre-transition elements. The d-orbitals o f  the transition metal ions have five-fold 
degeneracy in the free ions. These different directional properties o f  the five orbitals 
produce different bonding interactions with nearby atoms. This is known as crystal- 
field or ligand-field splitting and is important in all transition metal oxides.
The most common coordination geometry for transition metal ions in oxides is 
octahedral. The orbitals on the transition metal fall into two groups according to their
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symmetry properties. The doubly degenerate eg orbitals have lobes o f maximum 
density pointing towards the ligand and three t2g orbitals pointing away (see figure
3.23).
e g
A
Spherical ' ~  t
sym m etry
O ctahedral
fie ld
Figure 3.23. The d orbitals of a transition metal ion in an octahedral site resulting orbitals 
with crystal field splitting.(20)
The extremely wide range o f  electronic behaviour o f transition metal oxides 
creates difficulties, not just o f understanding and interpretation but also o f 
classification, dP insulators are stoichiometric oxides, not only are they good 
insulators, but they show other properties expected o f  insulators: they have no optical 
absorptions at photon energies less than the band gap, and are diamagnetic with no 
unpaired electrons/19*
The dP configuration is associated with the Ti4  ^ o f T i0 2 and so has no 
electrons in the d  band.(6) This compound has a filled valence band o f  predominately 
O 2p character and a gap between this and the conduction band as shown in figure 
3 24. The observed gap o f  -3.1 eV is fairly small and does suggest an appreciable 
covalent mixing between the atomic orbitals and metal orbitals. Thus the metal ‘d ’ 
conduction band acts as an antibonding combination. The description in terms o f 
oxygen and a metal is useful, as it denotes the principal atomic orbital constituents o f 
each level. Stoichiometric dP oxides are therefore good insulators and have no 
excitations at energies less than the band gap.
Many o f  the transition metal oxides are relatively easily reduced to form 
semiconductors. Many dP insulators are susceptible to loss o f  oxygen, which gives
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rise to semiconducting properties. Semiconducting properties are in principle a 
feature o f all the ‘insulating’ oxides but in most cases the band gaps are large enough 
the intrinsic semiconduction is hard to observe. In practical terms semiconduction is 
characteristic o f  defective or non-stoichiometric oxides. These include reduced do 
compounds such as T i02.x, non-stoichiometric samples of magnetic insulators such as 
Nii.xO, as well as oxides with deliberate or inadvertent doping by another element, as 
in LixMni.xO. The relationship between semiconduction and defect structure and 
chemistry is complex. A qualitative description shows how an electron introduced by 
chemical reduction can be held in a defect level with an energy slightly below the 
empty conduction band: thus the formation o f  an n-type semiconductor (figure
3.24).(l,)
Metal d conduction band
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Figure 3.24. Qualitative electron energy-level diagrams for transition metal oxides, (a) 
bands of a cf compound, with a gap between the oxygen 2p' valence band 
and the empty metal cf conduction band; (b) the localized d levels appropriate 
to a transition metal impurity, and to a magnetic insulator; (c) a donor level 
associated with semiconduction in a non-stoichiometric oxide and; (d) the 
partially filled conduction band of a metallic oxide.(19)
n-doped T i0 2 is a semiconductor and finds use in liquid junction photovoltaic 
cells. The band diagram o f T i0 2, illustrated in figure 3.25, shows that the O 2p band 
is full and the 3d (t2g) band empty The 3d energy levels are delocalised with the 
lower forming the conduction band. Whereas T i0 2 is an insulator, the compound 
Ti2C>3 has one electron in the d band and therefore is metallic in character, at least at
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higher temperatures. The electronic nature o f a transition-metal compound can be 
understood in terms o f the d electron configuration of the metal atom.(4)
Energy
Ti 3d  (eg)
Ti 3d  (t2g)
O 2p
N (E )
Figure 3.25. Schematic representation of the band diagram of TiC>2
Reduced TiC>2 is an n-type semiconductor and band-bending effects 
accompany the adsorption o f gases or metals. When oxygen vacancies are present, 
the extra electrons in the vacancies act as donor like states that create an accumulation 
layer in the near surface region (figure 3.26), while the bands in the n-type 
semiconducting TiC>2 bend down. After adsorption o f oxygen, only minimal changes 
occur in the shape o f the valence band, but in the photoemission spectrum a rigid shift 
by 0.2 -  0.3eV is observed.(21)
Conduction Conduction
Valence
© o
Valence
Figure 3.26 Schematic diagram of the band bending effect due to donor like surface defect 
sites. An accumulation layer is created in the near surface region.(2,)
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When the band gap is greater than 3 eV, no absorption occurs in the visible, 
and a good quality crystal will be transparent. Light is scattered however, at crystal 
flaws and at the crystallite surfaces in a powdered sample, and this leads to a white 
appearance The best white pigments are those, which have no absorption in the 
visible, but high reflectivity. The maximum refractive index is found just below the 
threshold for absorption Thus, for a maximum reflectivity of visible light, the 
absorption edge should be close to the visible as possible/6*
To take advantage o f the properties o f nanometer-sized semiconductor 
particles for light to electrical energy conversion, a pathway for electrical conduction 
between the particles must be provided. The most promising device for light to 
electrical conversion is the Gratel cells as shown in figure 3.27,(22) which contains dye 
sensitised nanocrystalline solar cells. Dye sensitised cells differ from the 
conventional semiconductor devices in that they separate the function of light 
adsorption from charge carrier transport.
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Figure 3.27. Schematic representation of the principle of the dye sensitised photovoltaic cell 
i.e., the Gratzcl cell.
This device has the potential to allow a high proportion of the incident solar 
energy flux (46%) to be converted to electrical current at exceptionally high 
efficiencies (more than 80%). The overall light to electric energy conversion yield o f
7.1 -  7.9% in simulated solar light and 12% in diffuse daylight cells have been 
optimised to achieve power conversion efficiencies exceeding 10%.(23) All o f which
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indicate clearly that dye-sensitised cells had the potential to compete with 
conventional inorganic thin film photovoltaic cells(24) and thus allowing them to be 
competitors in the continuing international effort to develop low cost terrestrial 
photovoltaic cells based on thin film technology.
There are several aspects o f the dye sensitised nanocrystalline solar cells that 
make it novel. The cells are constructed using a high surface area film o f  
nanocrystalline TiC>2 coated onto a conducting glass.(25) The film is sensitised using a 
ruthenium complex that is adsorbed onto the TiC>2 . The role o f the ruthenium 
complex is to  absorb the incident sunlight and exploit the light energy to induce a 
vectorial electron transfer reaction. The photoexcited dye electrons are transferred 
from the HOMO to the LUMO band o f  the dye, the latter lying just above the 
conduction band o f  the Ti02, and then into the Ti02. The non-aqueous electrolyte 
contains the I 3 / I '  couple, and the sandwich cell is completed by sealing on a second 
glass plate coated with a thin layer o f  platinum. Electron transfer from the I' ions, 
leading to the formation o f  I 3 ' ,  regenerates the dye from its oxidised state. In turn, the 
I 3 ’ ions are regenerated by electron transfer from the cathode, facilitated by a layer o f  
platinum, which acts as a catalyst. In conventional p-n junctions a long minority 
carrier diffusion length is essential, thus pure and well -  ordered semiconductor 
materials are required. In the dye sensitised nanocrystalline call recombination can 
only occur at the interface, where the injected electrons can recombine with oxidized 
dye molecules or with oxidized species in the electrolyte.
3.6 Summary
Solid-state chemistry is concerned with the synthesis, structure, properties and 
applications o f  solid materials. The study o f  the electronic structure o f the solids is o f  
particular importance. The electrical conductivity o f  a material is characterised by the 
number o f  free charge carriers (i.e., electrons) available to allow passage o f an 
electric current. As demonstrated the electronic structure o f metals, semiconductors 
and other solids can be described in terms o f  the band or zone theory. Conduction 
electrons are delocalised in the valence shell, therefore, in a conductor there is a high 
number o f  free electrons. An insulator is characterised by having close to zero free 
conduction electrons. Semiconductors are classified as materials with charge carrier 
numbers intermediate between conductors and insulators, as they allow limited 
passage o f  an electric current. Semiconductors can be classified into two groups i.e.,
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intrinsic and extrinsic. While intrinsic semiconductors are pure forms o f  
semiconductors and their conductivity controlled by the magnitude o f  the band gap 
and the temperature, extrinsic forms o f  semiconductor are materials whose 
conductivity are controlled by the addition o f  dopants. Two types o f  extrinsic 
semiconductors may be formed (i.e., n and p  doped) and the nature o f  the dopant 
material controls the formation o f  these semiconductors. Solid-state devices such as 
transistors, silicon chips, photocells, etc., use semiconductors in their devices. A 
basic component o f  these solid-state devices is the use o f  extrinsic semiconductors in 
the form o f  p-n junctions, detailed applications o f  these devices have been discussed 
above.
The focus o f  this thesis is on metal oxides, which are either insulators or 
semiconductor. The ability o f  the metal oxide MxOy to be electrically conducting 
depends on several factors including the identity o f  M, and the type o f crystal system. 
Different allotropes o f  the same oxide may vary largely in their electrical properties, 
in general the more electropositive the metal ion, the lower the conductivity o f  the 
solid. TiC>2 with the d° configuration may be classed as a borderline insulator but can 
be readily reduced or doped to become an n-type semiconductor as discussed earlier.
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C h ap te r 4
B rief O verview  of the E lectron P aram agnetic  Resonance
(EPR) Technique
4.1 Introduction
Electron Paramagnetic Resonance (EPR) is a powerful tool for investigating 
paramagnetic entities in the fields o f  chemistry, physics and biology. The limitation o f  
the technique is that all diamagnetic systems are excluded from EPR investigations. 
This limitation however, can also be an advantage as, for example, reactive 
paramagnetic intermediates present in complex media or paramagnetic centres 
belonging to a complex chemical system (e.g. a paramagnetic ion in a protein) can be 
studied without any spectroscopic interference.
The first EPR spectrum in Kazan (USSR) in 1945 after the Second World War 
had catalysed the development o f  microwave techniques to be employed for radar, by 
E. Zavoinski,( 1 ] whilst studying CrCh in 1945. The technique was mostly developed 
however at Oxford from both a theoretical, (by Pryce and Abragam), and an
experimental, (by Bleany), point o f  view w ith its foundations being in the earlier
/ • > \
magnetic susceptibility work o f Van Vleck.
Much o f  the fundamental physics and spin relaxation theory behind EPR is 
essentially the same as that for Nuclear M agnetic Resonance (NMR) and thus the EPR 
technique shall be briefly outlined in this section, with an introduction to the basic 
principles o f  EPR with emphasis on solid state EPR (powder EPR). For a  more 
detailed account o f  the physics behind EPR see Giamello and Che.(1) For an overview 
o f  the principles o f  single crystal, solution and powder-type EPR, see the numerous 
and excellent textbooks(3,4) in the subject area o f  EPR including Atherton,(5) or Weil, 
W ertz and Bolton.(6)
4.1.1 Basic Principles o f  the Technique 
The properties o f  the electron
A free electron has a spin angular momentum (S), if the component o f spin is 
restricted to one specified direction, the z direction, then the spin angular momentum 
component can only assume one o f two possible values ± Vi. As a consequence the
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electron, with virtue o f  its spin, also processes a magnetic moment jis, which is co- 
linear and anti-parallel to  the spin itself*7* and is represented by:
fls = -geHBS (4.1)
where, ge = free electron g value with ge = 2.0023, pb  = Bohr magneton (pb = 
em/47tmc where e = electron charge, m = electron mass, c = speed o f  light) = 9.27 x 
10'24 J T 1 and S is the spin angular momentum.
The negative sign arises because o f  the negative charge on the electron, which 
results in the magnetic dipole being in opposite direction to the angular momentum 
vector. For a single unpaired electron two possible spins (Ms = ! Vi) produce two 
magnetic moments o f opposing polarity. These two spins are degenerate when in the 
absence o f  an applied external magnetic field (and there is no net bulk magnetisation 
in a paramagnetic substance). The interaction energy, E, o f the electron magnetic 
moment with an externally applied magnetic field is given by:
E = -p*B (4.2)
where, E = the energy, and B = the applied field (or magnetic flux density, in units o f
Tesla(T) or Gauss(G)). In quantum mechanics, the p. vector is replaced by the
corresponding operator, leading to the following Hamiltonian (energy operator):
/ /= g e P BB.S (4.3)
Assuming that B is applied along the z direction (Bx = By = 0, B=BZ):
H =  gePaB.Sz (4.4)
The Hamiltonian in equation 4.4 is referred to as a ‘spin Ham iltonian’, as it 
deals only with spin contribution to the energy o f  the system, for practical reasons it is 
written as:
E = ± '/ i  gepBB (4.5)
For a single unpaired electron Ms = : Vi this gives rise to two energy levels 
known as the Zeeman levels, with the difference between them known as the Zeeman 
splitting. Upon application o f an applied magnetic field the degeneracy o f the 
Zeeman level is removed as illustrated in figure 4.1. The lower energy state occurs 
when the electron magnetic field is parallel with the applied magnetic field (M s = - V2 ,
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(3). The higher energy state occurs when p.s is anti-parallel to the magnetic field (Ms = 
+ Vi, a ). Transitions between the two Zeeman levels can be induced by the absorption 
o f  a photon o f  energy hv equal to the difference between the two levels. The energy 
difference between the two states, known as the Zeeman splitting, is given by:
AE = gcfieB = hv (4.6)
where h = Planck’s constant and v = frequency o f  electromagnetic radiation.
E
B - 0
Integral spectrum (absorption). 
Derivative (EPR) spectrum.
F igure  4.1. Zeeman energy level diagram showing the two possible orientations of spin in
an applied magnetic field.(6)
When electromagnetic radiation o f  energy AE is applied to the system resonance 
occurs to satisfy the above condition for a given magnetic field.(6) In X-band EPR, the 
frequency is approximately in the GHz region at 0.35 T, and usually operative in a 
static frequency, swept field mode.
Under the influence o f  an external applied field, and at thermal equilibrium, 
the spin population is split between the tw o energy levels according to the Maxwell -  
Boltzman distribution law:
n i / n 2  =  e - A E / a  ( 4 . 7 )
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where, k = Boltzmann constant (1.381 x 10'23 J K '1), T = the absolute temperature 
(K), nj, n2 = spin population characterised by the Ms values of + Vi and -  Vi 
respectively.
Relaxation Processes
The resonance signal is represented by the energy absorption necessary to 
promote electrons from lower to upper energy levels (or vice versa). The overall net 
absorption results from the fact that there are more spins in the lower levels than in 
the upper. The two-population energy levels, ni and n2, tend to equalise at large 
microwave powers since application of electromagnetic radiation effectively raises the 
temperature of the system. This in turn leads to the loss of the absorption and 
electrons have to dissipate the quantum of energy (hv) efficiently in order to return to 
the lower level. The dissipation process from the excited electron to the ground state 
is known as relaxation.
B applied causes
excitation of e
from 113 ton, and
from n, to (net absorption)
V
Low Mw power
/ \
\ /
Population equalise 
No resonance signal seen 
(saturation)
HighMwpower
/K
V
Th or T* (relaxation) 
population imbalance 
restored resonance signal 
returns
HighMwpower 
Fast relaxation
Figure 4.2. The effect of energy absorption and relaxation rate on the population o f the 
energy levels.^
To maintain a population excess, electrons in the upper level must be able to 
return to their low energy state. Therefore they must be able to transfer their excess 
spin energy either to other species or to the surrounding lattice as thermal energy. 
The time taken for the spin system to lose Me of its excess energy is called the 
relaxation time. There are two types of dissipation mechanisms;
• “ Spin -  Lattice” relaxation (T ic). This process is due to the magnetic energy 
being dissipated within the lattice as phonons i.e. as vibration, rotational or 
translational energy. Spin-lattice relaxation is characterised by an exponential 
decay of energy as a function of time (Tie). The exponential time constant is 
sensitive to: (a) Temperature. A decrease in temperature decreases the
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population o f  phonons and leads to a longer relaxation time and 
correspondingly narrower lines, (b) Presence o f  nearby excited states. Where 
these are close (« 100cm’1) to the ground state the relaxation time will be short 
and the line width very large.
• “Spin -  Spin” relaxation (T2e): The excess energy is exchanged between the 
spins without transfer o f  energy to the lattice, which is characterised by a time 
constant (T 2e), it possesses a complex relationship with temperature. This 
mode o f  relaxation is important when the concentration o f  the paramagnetic 
species is high (spins are close together). I f  the relaxation time is too fast then 
the electrons will only remain in the upper state for a very short period o f  time 
and give rise to a broadening o f  the spectral line width as a consequence o f 
Heinsenberg’s uncertainty principle.
Tie is sometimes referred to as the longitudinal relaxation time and T 2e the transverse 
relaxation time.
4.1.2. Additional contribution to the spin Hamiltonian; Basic interactions o f the 
unpaired electrons with their local environment.
In EPR the source o f  much structural information from a paramagnetic system 
comes from the spin Hamiltonian (//) ; how' this information arises from the molecular 
properties o f  the system, and how it may be extracted from the EPR spectrum will be 
discussed in the following sections.
The g Tensor: Significance and Origin
The energy levels o f  an electron subjected only to the force o f an applied 
magnetic field were given by the solutions o f  the simple spin Hamiltonian, eq. 4.4. 
However, electrons in atoms and molecules are subject to a variety o f magnetic 
interactions, which can shift and split the simple Zeeman levels and thus the effects 
are reflected in the EPR spectrum. This means that equations 4.4 and 4.6 do not 
always hold for an unpaired electron belonging to a real chemical system due to the 
effect o f  orbital angular momentum, g *  ge (free spin value). Orbital angular 
momentum is non-zero in the case o f  orbitals exhibiting p, d and f  character. The spin 
therefore is no longer quantified or aligned along the direction o f  the external 
magnetic field, and the g value cannot be expressed by a scalar quantity, but by a
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tensor value. The orbital angular momentum L  is associated with a magnetic 
momentum given by
p L =  H b L  ( 4 . 8 )
Considering a system with a doublet (Ms = ± lA ) non-degenerate electronic 
ground state and nuclei with zero nuclear magnetic moment (pn = 0) for simplicity, 
for such a system the interaction with the external magnetic field can be expressed in 
terms o f  a perturbation o f  the general Hamiltonian by:
H  = gefiBBS + PbBL + A.LS (4.9)
A
Where, gepsBS = Electron Zeeman term, pbBL  = Orbital Zeeman term (usually
A
quenched to zero), A.LS = Spin Orbit Coupling and X = spin orbit coupling constant 
which mixes ground state wave function w ith excited states.
Spin orbit coupling is the magnetic interaction which links L  and S, the extent 
o f  interaction depends on the nature o f  the chem ical system and the symmetry. I f  |A.| 
is small, then g = ge (close to free spin ge ± 0.003) e.g., an organic radical. I f  |A,| is 
large, then g *  ge (large shift from free spin ge ± 5) e.g., a transition metal ion.
There are two possible ways to measure a g value; either with a reference 
sample (e.g. DPPH) using the equation;
g = grefBref/B (4.10)
or, by using an absolute method, by carefully measured v and B values directly using 
an NM R gaussm eter and a frequency m eter with the equation
h v  =  g p e B  ( 4 . 1 1 )
4.1.3 The Hyper fine Interaction, A: Significance and Origin
The hyperfine interaction (A) com es from the interaction between the 
magnetic moment o f  the electron with the magnetic moment o f a nearby nucleus 
(BiocaO therefore equation 4.6 may be modified as shown:
h v  — g e P B  B  +  E ( h y p e r f l n c )  ( 4 . 1 2 )
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The nuclear spin quantum number (I) has an associated magnetic moment ( j in )  
written as:
M-n = gnM-N I (4.13)
where, g„ = nuclear g factor (proton value), jj.n = nuclear magneton value (|In is 
smaller than pe by a factor o f  1838, i.e. the ratio o f  the mass o f  a proton to that o f an 
electron).
The contribution from the magnetic field and the orbital, as well as the 
contribution from the magnetic field o f  the nucleus are considered in the complete 
spin Hamiltonian as shown:
H =  gePB B S -g n  p„! + I A S (4.14)
Where, I = nuclear spin, A = hyperfine term, S electron spin
The interaction between the unpaired electron and a spin active nucleus gives 
origin to  further splitting o f  the lines in the spectra, (see figure 4.3) which gives the 
EPR spectrum hyperfine structure. The selection rule for the transitions are AMs = ± 
1, AMi = 0. Two types o f  electron spin-nuclear spin interactions occur, an isotropic 
interaction (EA) and an anisotropic interaction (E b), which will be discussed in the 
next section
AEa = Ei -  E 4  and AEb = E 2 - E 3 (4.15)
For a solid state paramagnetic species where the unpaired electron is localised 
upon a magnetic nucleus, each o f  the principal g tensor components will be split into 
2nl + 1 lines, where I is the spin quantum num ber o f the nucleus involved. For each g 
tensor component, the set o f lines (determined by 2nl + 1 )  will be spaced by a 
splitting constant, which corresponds to the appropriate component o f the anisotropic 
coupling, where gi is split by Ai, g2 split by A 2 etc. In powder samples, the EPR 
spectra often have large linewidths. Consequently some hyperfine detail is sometimes 
not clearly resolved, and the precise splitting constant remains uncertain.(8)
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Figure 4.3. Energy level diagram for the interaction of a proton (1= 14) with an impaired 
electron (S= 14), in an applied magnetic field.
Isotropic Interaction (also)
S type orbitals or orbitals with partial s character (such as hybrid orbitals 
constructed from s-type orbitals) are exclusively the focus o f  isotropic interaction, and 
arises from the fact that these orbitals have a probability distribution that includes the 
nucleus, i.e. there is electron density at the nucleus itself; this is known as the Fermi 
Contact interaction expected for a 100% s-valence electron. Using the experimentally 
determined value (aiso) it is possible to calculate the percentage s character to an 
orbital. Isotropic interactions can be large interactions (electron and nucleus can get 
close together).(9)
Anisotropic (dipolar) interaction (B)
Anisotropic hyperfine couplings are due to through space dipolar interactions 
between the nucleus and electron magnetic moments where the unpaired electron is in
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non-spherically symmetrical orbitals (p, d, f  orbitals). As the orbitals are not 
spherically symmetric and contain a node (where there is zero electron density at the 
nucleus), the interaction between them  will be small and dependant on the direction o f  
the orbital with respect to the applied magnetic field as well as their separation. B0 is 
the theoretical anisotropic coupling constant, and as for an isotropic contact, may be 
used to define the characteristics o f  the system. Anisotropic interactions have a 
classic dipolar coupling interaction:
E = PsPn/r3 -  3(psr)(pnr)r5 (4.16)
where r is the vector relating the electron and nuclear moments and r is the distance 
between the two dipoles.
Hybridisation, spin density and bond angles
In a real system, isotropic and anisotropic interactions mix due to hybrid 
orbitals, and therefore the hyperfine interaction contains contributions from both the 
isotropic and anisotropic component. It is necessary to analyse the spectrum to obtain 
values for both aiSO and B. The A tensor may be split into an anisotropic and isotropic 
part as follows:
ago = '^ - V -  (4.17)
And
B = aiso - A i  (4.18)
The s and p character o f  the orbital hosting the unpaired electron is written are given 
by the following relations:
2 _Cs = aISO / Ao (4.19)
, 2 
'PCD2 = B / B„ (4.20)
where a,, and B0 are the theoretical hyperfine coupling constants (assuming pure s and 
p orbitals for the elements under consideration). The extent o f  hybridisation is given 
by:
X2 = cp2/cs2 (4.21)
X2 can be used to measure dihedral angles (<J>) in triatomic molecules.
All triatomic radicals have orthorhombic symmetry and the dihedral angle can be 
discovered by:
<t> = 2 cos'I(A.2+2)J/a (4.22)
For tetra-atomic radicals, the dihedral angle is given by:
<t> = c o s ' [ 1,5/(2X2+2)-V4]<7) (4.23)
4.2 Symmetry o f real systems
The EPR technique can be applied to materials in a range o f  various phases 
and physical states. The very major fraction o f  the EPR spectra recorded in the solid 
state does not come from single crystals but polycrystalline materials or powders 
whose spectra are usually called ‘pow der’ sp ec tra /1} Polycrystalline materials are 
composed o f  numerous small crystallites random ly orientated in space. As many 
chemical system s o f  interest are polycrystalline or cannot be prepared easily as single 
crystals the practical interest in pow der spectra in EPR is very high. The resultant 
powder EPR spectrum is the ‘envelope’ o f  spectra corresponding to all possible 
orientations o f  the paramagnetic species with respect to the magnetic field. The 
profile o f  the powder spectrum depends on the symmetry o f  the system under study. 
Several parameters, determine the profile o f  the powder spectrum, including its 
symmetry o f  the g  tensor, the actual values o f  its components, and the line shape and 
the line w idth o f  resonance. There are three possible symmetries: Isotropic, Axial and 
Orthorhombic for a system comprising solely o f  Zeeman interactions(7) (in the case o f  
orthorhombic, other symmetries are possible for systems with hyperfine interactions 
e.g., monoclinic).
4.2.1 Isotropic (High symmetry case)
In this case the g tensor is characterised by a single symmetrical line (where, gzz = 
gyy = gxx) and arises from systems with perfect cubic symmetry such as octahedral 
(Oh) and tetrahedral (Td). This is most commonly seen in low-viscosity solutions, 
where the g value (termed glso) is the result o f  the averaging o f  the three components, 
it is however rare in solids see figure 4.4.
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Figure 4.4. Simulated isotropic EPR spectrum
4.2.2. Axial symmetry
When tw o o f  the principle g values (x and y) are equal the molecule displays axial 
g  values. The unique value is usually designated as gy (i.e., gzz) ‘g parallel\ whilst 
the other value is g i  (i.e., gyy = gxx), ‘gperpendicular\  In the particular case o f  axial 
symmetry o f  the system, if  z is the unique symmetry axis o f the species and 0 the 
angle between z and the magnetic field, the x and y directions are equivalent, the 
angle <j) becomes meaningless. Systems with uniaxial symmetry such as square 
pyramidal (C 4 v) and square planar (D 4 /,) have g tensors in which the x and y values are 
the same i.e., g^  *  gyy = gxx
Z
X
Figure 4.5. Symmetry axis of axial symmetry, where gi = gx and gy and gy = gz.(5)
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The resonant field may be calculated using the equation:
Bres = hv / jiB(gi.2sin20 + gn2cos20 )'1/2 (4.24)
g = gzz and gj. = gyy = gxx are g values measured when the axis o f the paramagnetic 
species is respectively parallel and perpendicular to the applied magnetic field. In an 
actual EPR spectrum, we only see g± and gn, not gj_2 and g |2. As the powder spectrum 
is the ‘envelope’ o f  the individual spectra arising from every possible orientation in 
the whole range o f  0 and <|>, provided the crystallites are randomly distributed, simple 
considerations show that the absorption intensity, which is proportional to the number 
o f the micro crystals at resonance for a given 0 value, is a maximum when 0 = % / 
2(B_l) and minimum for 0 =  0 (Bj|). This allows the extraction o f the g values that 
correspond to  the turning points o f the spectrum.
i— >— i— ■— i '»■' i ■ i  i •> -»— i— •— i— ■— i— ■— i— ■— i— >— i
240 200 200 1000 120 100 *30 m n  20995 20990 2 « 95 24080 2407.5
Magnetic Field (Gauss) Magnetic Field (Gauss)
Figure 4.6. Simulated axial EPR spectra where (a) g(! > gi and (b) gi > gy.
4.2.3 Orthorhombic symmetry
Three distinct principal components are expected in the case o f  a system with 
orthorhombic symmetry (gzz *  gyy * gxx), and arise from systems with point 
symmetries including angular distorted planar M A 2B 2 (C 2h) and XMA 2B2 square 
pyramid (C2v). It should be noted that the term s gzz, gyy and gxx should only be used 
when the orientation o f  the principal axes with respect to the molecular axes are 
known. Otherwise, gi, g2 and g3 (Ai, A2, A3) are assigned arbitrarily and used when 
this is not the case.
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Magnetic Field (Gauss)
F igure 4.7. Orthorhombic EPR spectrum (no hyperfine interaction).
The relatively simple powder spectra shown in Figure 4.6 and Figure 4.7, become 
much more complex in the presence o f  hyperfine interactions. The whole shape o f 
the hyperfine powder spectrum depends on various factors.
•  The nuclear spin (I) o f the magnetic nucleus (nuclei) interacting with the 
unpaired electron.
•  The isotopic abundance o f  the magnetic nucleus (nuclei).
•  The symmetry o f  the hyperfine tensor and the values o f the various elements 
o f the tensor itself.
4.3 Real Powder EPR Spectra
Interpreting the powder line spectra can prove difficult with various effects 
that can further complicate the resultant spectra. These effects can include:
•  The presence o f  species that have different (or slightly different)
parameters.
•  The presence o f various nuclei w ith different nuclear spins.
•  The broadening o f  the lines due to  dipolar spin-spin interactions or to
motional phenomena that causes loss o f  resolution.
•  Second order effects and/or nuclear quadrupolar effects influencing the 
regular spacing o f  hyperfine lines.
4.3.1 Characterisation o f Surfaces by Probe Molecules and EPR.
As discussed in chapter 2, a probe molecule is a species whose properties are 
monitored by EPR when they are in the adsorbed state, providing useful information 
about the surface. Either the probe molecule itself maybe monitored or the surface
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site and the changes o f  its properties upon adsorption can be monitored. Thus the 
probe molecule does not have to be paramagnetic itself but the resulting species from 
the interaction o f  the probe and the surface must be.(1) The probe molecules 
employed fall into two different categories:
• Crystal field insensitive -  the radical’s ground state is non-degenerate and 
the energy levels are well separated and insensitive to the influence o f  local 
crystal fields. Therefore the g  tensor acts as a fingerprint for the radical. 
Examples o f  this type are SO2 ' and CO 2 '.
•  Crystal field sensitive -  the ground state is usually degenerate so that the 
surface crystal field removes the degeneracy, splitting the two energy levels 
proportionally to the intensity o f  the crystal field. The g  values are therefore 
drastically modified. Examples o f  this type are O2 " and CO'
4.3.2 The g Tensor and Transition Metal Ions (TMI’s)
A great deal o f  information may be obtained about the co-ordination features 
o f  the transition metal ions/complexes with the EPR parameters. The nature o f  the 
central ion, type o f  bonding with the ligands, co-ordination and symmetry o f  the 
surroundings, relaxation mechanism and the type o f  the motion o f  the paramagnetic 
species can also be inferred from the EPR spectra. In particular the g tensor values 
are characteristic o f  a given metal com plex in a given surrounding (i.e., crystal field 
symmetry and strength, type o f  bonding w ith ligands etc). The crystal field splittings 
for a d 1 ion (i.e., Ti3+) will be discussed in chapter 5.
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4.4 Experimental
4.4.1 Apparatus Vacuum Line
The construction o f  the line used for the thermal activation o f  titanium 
dioxides is shown in figure 4.8. The line is constructed from 12mm bore Pyrex glass 
tubing. Greased taps were used in order to isolate various parts o f the line. Apiezon 
type T hydrocarbon grease was used to  seal all taps and non-fused glass joints. The 
glass taps were able to maintain pressures o f  less than 10"6  Torr. The line was 
connected to a two stage Edwards diffusion pump via a liquid N 2 cold trap. Pressure 
measurements were made with an Edwards active pirani/penning gauge controller.
A therm ostatically controlled electric furnace fitted with a chrome-nickel 
thermocouple, which could maintain stable tem peratures between 323 and 1073K, 
heated samples. Powder samples were heated in the bulb section o f the EPR cell, then 
transferred to  the capillary section (4mm bore) for exposure to reagent vapours and 
gases at 77K. The capillary section o f  the EPR cell was constructed from quartz to 
enable in situ UV irradiation. The organic vapour reservoir was used as a mixing 
chamber for co-adsorption o f  vapours and gases.
-  Pressure Gauge 
(Piraru andfor Penning)V  J
Liquid N? 
Trap s
Furnace or Liquid N> 
Dewar Flask
Diffusion
Pump
F igure  4.8. Schematic view o f the vacuum line assembly used for activating samples.
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Ultra Violet Lamp
An Oriel Instruments UV lamp (model N° 66021) was used for all irradiations. 
The construction o f  the lamp is shown in Figure 4.19. The power output from the 
lamp could be varied between 50 and 1000W. The Hg/Xe arc lamps used have 
abroad band spectral output from 250 nm to > 2500nm; the UV output below 280nm 
accounts for only 4 to  5% o f  the total lamp output. In all experiments, a water filter 
was used in order to absorb infrared frequencies and prevent sample heating by the 
UV beam.
EPR spectrometers
All EPR spectra were recorded either on a Varian E l09 spectrometer or a 
Bruker ESP300e spectrometer, all operating in the X-band frequencies (ca. 9.5GHZ), 
and employing 100 KHz field modulation. The Varian E l09 was linked to a Stellar 
data acquisition system, allowing peak area measurements to be made by double 
integration o f  the first derivative spectrum. As sample tuning often requires 
m odification o f  the microwave frequency employed, g value measurements were 
made by reference to the known standard diphenyl picryl hydrazyl (DPPH), g = 
2.0036.
The Bruker ESP300e spectrometer had an ER 4102 ST cavity and variable 
temperature studies (100-300K) were conducted using a Bruker B-VT2000 
gaussmeter, calibrated for sample position using the pereylene radical cation g = 
2.002569 ± 0.000006.(910) The microwave frequency is held constant during the 
course o f  the EPR measurement and the magnetic field is swept. EPR spectra are thus 
measured in microwave absorption mode. Magnetic field modulation is employed in 
order to enhance the signal output and to obtain acceptable signal: noise ratio. EPR 
computer simulations were performed using the SIM M S program (QCPE 265).
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Figure 4.9. Construction of UV light source.
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F igure  4.10. Construction of light source positioning with respect to the EPR cavity.
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4.5 Materials
Liquids
All reagents were o f  analytical grade and supplied by Aldrich Chemicals Ltd 
(unless individually stated). Further purification was not therefore employed except 
for the deoxygenation o f  liquids, performed when required by freeze-pump-thaw. 
Triply distilled water was used in hydration experiments, and was also subjected to 
repeated freeze-pump-thaw steps prior to use.
Gases
All gases were supplied by BOC Limited (unless stated) and were o f  an 
extremely high purity (individually stated). The gases were added to the sample via 
the vacuum line at room  temperature (unless specifically stated otherwise). The 
volume o f  gas added to the sample was m easured using a mercury manometer 
attached to the line. The volume o f  each gas applied will be specified individually. 
Icon Services Inc. (New Jersey) supplied the 17 O-labelled dioxygen gas (63% 
enrichment) and was used without further purification.
Solids
Three TiCE samples were studied during the course o f this thesis. The P25
2 1 •Anatase sample was supplied by Degussa and has surface area ca. 49 m g' . A Rutile 
sample synthesised by hydrolysis o f  an aqueous solution (about 5 M) o f TiCU(12) with 
a surface area ca. 135m2g '1 this sample hereafter labelled Rutile A. The final Rutile 
TiC>2 sample hereafter labelled Rutile B was supplied by the Solaveil business o f ICI,
2 IUniqema when owned by Tioxide with a surface area ca. 97m g* .
4.6 Methods
Freeze-Pump-Thaw fo r purification o f liquids
A small quantity o f  liquid (e.g., de-ionised water) is added to an empty quartz
EPR cell. The sample is then purified and the cell evacuated using FPT, which
involves:
•  The liquid sample is frozen using liquid nitrogen
• Cell is opened to the vacuum line (taking care the liquid remains frozen) until a
high vacuum returns.
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•  After closing the cell to the vacuum, the sample is carefully thawed, allowing
impurities in the liquid to bubble to the surface.
This procedure is then repeated (three/four times) until the liquid is deoxygenated and 
pure. The purified liquid is then added to the sample by closing the vacuum line to the 
pump and opening both cells to the line. The liquid vapour is then free to interact 
with the sample.
Evacuation
A sample is placed in the bulb section o f  a quartz EPR cell attached to a high
vacuum stopcock which is designed for connection to a vacuum line. The cell is
gently opened to the vacuum line with the diffusion pump closed. After a standard 
rotary pump vacuum has been achieved (~ lx l0 3 Torr), the diffusion pump is opened. 
The length o f  time a sample is exposed varies from sample to sample.
Reduction /  Oxidation
The sample is reduced in the bulb portion o f  the EPR cell, under dynamic 
vacuum on a vacuum line. The sample was initially left at 393K overnight under 
vacuum to remove any physisorbed w ater from the surface. The samples are then 
heated over a period o f  5 hours to a temperature o f  823 K (unless otherwise stated) 
and left annealing for 1 hour.
Oxidation o f  a sample would involve a repeat o f  this method with the addition 
o f  oxygen (50 Torr, via the vacuum line) to the cell, still at 823K. The sample is then 
closed to the vacuum (still under O2 ), and left for an hour at 823K before cooling to 
room tem perature and evacuating, leaving a fully oxidised white sample free from 
contam inants or surface hydroxyls. At no time was the sample open to the air, 
ensuring that the surface remains clean.
Low temperature UV irradiation
Following preparation o f  the TiC>2 samples, the samples were transferred to the 
EPR cavity for irradiation and EPR measurements at the required temperature. 
Irradiation o f  samples at low temperature were preformed in situ in the EPR cavity via 
an optical transmission window (figure 4.10). Illumination o f  the EPR cavity did not 
result in a temperature increase o f  the sample.
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Chapter 5
Genesis of Paramagnetic Centres in Thermally Reduced TiC>2
5.1 Introduction
There is a growing awareness that in order to understand heterogeneous 
photocatalysis at the molecular scale, one needs to explore and understand surface 
morphological states at the molecular level. This is a challenging task for any 
experimentalist, but particularly so for the photocatalytic investigator dealing with 
heterogeneous polycrystalline materials including pigments. A polycrystalline 
material, composed o f  numerous small crystallites randomly orientated in space and 
exposing various crystal faces, does not present an ideal platform on which to pursue 
and test the modem theories o f  surface electron-hole pair utilisation (i.e., how 
electrons and holes are transferred across the interface). However it must be argued 
that these are precisely the systems that must be studied in order to explain the basic 
processes occurring in real heterogeneous systems.
For example, Lowekamp et a /.,(1,2) recently demonstrated that the anisotropic 
reactivity o f  both thin films and bulk samples o f  TiC>2 , were related to differences in 
the efficiency o f  electron-hole pair utilisation rather than electron -  hole pair creation. 
In other words, the photoactivity o f  the semiconductor depends on the exposed 
surface planes rather than the bulk orientation or structure. This result has far 
reaching consequences and important implications on the photoactivities o f various 
treated TiC>2 materials, because it is known that the pre-treatment conditions o f  the 
oxide can influence the final surface properties o f  the oxide, which may in turn be 
manifested in the photoactivity. It should be remembered that the surface properties 
and surface states o f  a polycrystalline oxide, can be varied and will suffer significant 
degrees o f  perturbation and change depending on the physical and or chemical pre- 
treatment conditions. In turn the defectivity and extent o f  exposed surface planes will 
vary, so ultimately the photochemical reactivity may change.
In order to explore and study the reactivity o f  these surface trapped charge 
carrier pairs (i.e., holes and electrons), one must first thoroughly characterise the 
nature o f  the trapped states themselves. In this thesis, the experimental approach that 
has been adopted is to first generate the trapped charge carrier states under ‘dark’ non­
equilibrium conditions. For example, by (i) thermally reducing the material under 
vacuum, and (ii) by thermal reduction under a reducing atmosphere (e.g. H2 or CO).
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In this case Ti3+ reduced centres are easily generated, while the trapped hole states 
which are less stable are often not simultaneously seen. The trapping o f  the electron 
centres generated under these thermal conditions can then be compared to the states 
produced under radiative conditions.
The second method o f  experimental generation for the trapped charge carriers 
on the TiC>2 surface is the UV irradiation o f  the sample. Ti3+ centres together with the 
paramagnetic trapped hole species (O’), can be formed under UV irradiation. Both 
species are simultaneously formed on the surface following UV irradiation at low 
temperature. The varying methods o f  generation for the trapped charge centres i.e., 
both thermally and photo-initiated, allows one to investigate the different processes o f  
electron-hole pair generation and utilisation under vacuum reductive condition (in 
general creating a defective surface) along with those generated under the radiative 
conditions.
In this chapter therefore, evidence will be provided which demonstrates the 
formation o f  trapped charge carrier states produced both thermally and under photo­
irradiated conditions. This allows the nature o f  the paramagnetic species formed in 
these initial stages o f  surface trapping to be identified. In later chapters ( 6  and 7) the 
subsequent reactivity o f  these surface trapped charge carrier states, with different 
adsorbates, will be presented and discussed.
5.2 Experimental
A detailed account o f  the experimental methods used in the handling o f  the 
powders, manipulation o f  the samples on the vacuum line and operation o f  
spectrometers and UV lamp were thoroughly described in chapter 4. In this section, 
only the specific experimental conditions used in the preparation and study o f  
paramagnetic centres in TiC>2 will be summarised.
5.2.1 Thermal activation o f polycrystalline TiC> 2 under vacuum
Throughout the work described in this chapter the titanium dioxide, P25
Anatase (Degussa) with a surface area o f  ca. 49 m2 g '‘ was used, along with a Rutile
sample hereafter labelled Rutile A, with a surface area o f  ca. 135 m2g '! this material
was synthesised by hydrolysis o f  an aqueous solution o f  TiCLj(3) A second Rutile
2 1sample, hereafter labelled Rutile B, sample with a surface area o f  ca. 97 m g' 
supplied by Huntsman Tioxide was also used in this work. The polycrystalline TiC>2
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powders (ca. 5mg) were initially evacuated to a residual pressure o f 1 O’4  Torr at 298K 
in EPR quartz cells. The samples were then heated to 393K under vacuum overnight 
in order to remove any physisorbed water from the surface.
The samples were then slowly heated under vacuum to a final temperature o f 
823 K (over a 5 hour period), and held at this temperature for approximately 1 hour. 
Under these conditions the TiC>2 surface is reduced, as lattice O2* anions are removed, 
producing a non-stoichiometric surface containing an excess o f Ti3+ cations. The 
sample is blue in colour due to the excess number o f  Ti3+ centres.(4)
5.2.2 Thermal activation o f polycrystalline T1O2  under H 2
In this method o f  pre-treatment only Anatase (P25) was studied. As stated 
above, the TiC>2 sample was prepared by evacuation to 1 CT4  Torr at 298 K in an EPR 
quartz cell and heated at 393K to remove any physisorbed water. Hydrogen gas (50 
Torr) (ex. Argo) was admitted to the sample at 298 K and the sample heated under the 
H 2 atmosphere to a range o f  temperatures between 673 and 873 K in 50 K steps. The 
sample temperature was maintained at each temperature for 1 hour.
5.2.3 IIV irradiation o f polycrystalline T1O2
The polycrystalline TiC>2 sample Rutile A, was subsequently slowly heated 
(over a 5 hour period) to a temperature o f  823 K, and held at this temperature for 
approximately 1 hour. Oxygen (50 Torr) was added to the sample at 823 K and the 
samples cooled to room temperature under the excess oxygen atmosphere. This 
produced a clean dehydrated surface free from contaminants or surface hydroxyls. 
Exposure o f  Ti0 2  to O2 at high temperatures (823 K) leads to the formation o f 
diamagnetic surface O2' lattice anions, as the surface is effectively re-oxidised at this 
high temperature. Oxygen (10 Torr) was then admitted to the sample at 298 K, and 
UV irradiated for 30 minutes at 77 K. A 1000W Oriel Instruments UV lamp, 
incorporating Hg/Xe arc lamp (250nm to >2500nm) fitted with a water filter to adsorb 
infrared frequencies was used. The UV output below 280 nm accounts for only 4-5% 
o f the total lamp output.
5.2.4 Measurement o f  EPR spectra
The EPR spectra were recorded on a Bruker ESP 300e series spectrometer, 
incorporating an EPR 4102 ST rectangular cavity. Variable temperature studies were
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conducted using a Bruker B-VT2000 temperature controller. All spectra were 
recorded at X band frequencies (« 9GHz) employing 100 kHz field modulation, and 
10 mW.
5.3 Results
5.3.1 Characterisation o f Thermally Activated T1O2
Each o f  the three samples (i.e., the P25 Anatase material and the two Rutile 
materials, Rutile A and Rutile B) were slowly heated under vacuum to a final 
temperature o f  823 K and held at this temperature for 1 hour, producing a blue 
coloured powder in each case indicative o f  Ti3+ formation. The samples were then 
cooled to 100K and the resultant series o f  EPR spectra are shown in figure 5.1.
B
g=  1.962
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Magnetic field (Gauss)
Figure 5.1. X- band EPR spectra recorded at 100K of (a) P25 Anatase, (b) Rutile A and (c) 
Rutile B after thermal reduction at 823 K under vacuum.
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The low tem perature series o f  EPR spectra reveal the presence o f two distinct 
signals labelled A and B in each spectrum. The two signals are not related to each 
other as the relative intensities o f  the two vary arbitrarily from sample to sample and 
furthermore a previous analysis o f  the signals(5) has revealed a significantly different 
saturation profile for each one. In addition, the sharp resonance at g = 2.0030 was 
previously measured accurately using an NM R gaussmeter calibrated to the perylene 
radical cation in concentrated H2 SO4, and this was therefore used as an internal 
marker for the g values in all o f  the following spectra. Resonance A, as previously 
mentioned, is responsible for the sharp feature at g = 2.0030, and this signal has been 
assigned to  medium polarised conduction electrons/6’7* These electrons are 
characterised by the sharp, isotropic EPR signal with a g value close to that o f a free 
electron (ge = 2.0023). This assignment will be discussed in detail later (<cf. 5.4.1 ).
Resonance B with the spin Hamiltonian parameters o f g± = 1.962, S l=  1.95, 
for P25 Anatase has been reported previously in numerous studies and has been 
confidently assigned to  EPR active Ti3^  species/8' 10* These species are formed by 
electron trapping at the Ti4+ s ite s /11* The measured spin Hamiltonian parameters for 
each o f  the TiC>2 materials are given in table 5 . 1 .
Table 5.1. Spin Hamiltonian parameters for the paramagnetic species on P25 Anatase and 
Rutile A and Rutile B, following thermal reduction at 823 K (over a hour 
period) under vacuum.
Species P25 (Anatase ) Rutile A Rutile B
(A )LCE giso = 2.003 giso = 2.003 giso = 2.003
(B) Tiv g i =  1.962 gi = 1.95 g ! =  1.967 g ,=  1.941 g i =  1.972 g ,=  1.939
W arming the reduced TiC>2 samples to 298 K for 1 hour, followed by 
immediate re-cooling to 100K, resulted in no loss o f  spectral data for either signal (A 
and B) However, leaving the samples at 298 K for several hours does result in a 
gradual loss o f  the Ti3t species.
During the thermal reduction o f  P25 Anatase, resonance A is quite dominant 
in the EPR spectrum (figure 5.1a), whilst in comparison with the corresponding signal 
Rutile A and Rutile B (figure 5.1b and 5.1c respectively) is much less and it is found 
that the Ti3+ resonance dominates both o f  these systems. It should be noted however, 
that the reported spectra in figure 5.1 are not normalised in any way to sample weight
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or surface area. The resulting spectra are therefore compared qualitatively and not 
quantitatively. Nevertheless, the relative intensity ratios o f  signal A to B in each 
sample are clear in this figure.
Following the thermal reduction o f the TiC>2 materials, variable temperature 
EPR studies were preformed for each sample, and the resulting series o f  spectra are 
displayed in figures 5.2, 5.3 and 5.4 (for P25 Anatase, Rutile A and Rutile B 
respectively).
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Figure 5.2. Variable temperature EPR spectra of P25 Anatase after thermal reduction at 
823 K. The spectra were recorded at (a) 120K, (b) 150K, (c) 180K and (d) 
220K.
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Figure 5.3. Variable temperature EPR spectra of Rutile A after thermal reduction at 823K. 
The spectra were recorded at (a) 120K, (b) 150K, (c) 180K and (d) 220K.
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Figure 5.4. Variable temperature EPR spectra of Rutile B after thermal reduction at 823K.
The spectra were recorded at (a) 120K, (b) 150K, (c) 180K, (d) 220K, (e) 250 
K, (f) 280K and (g) 320K.
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As seen in figures 5.2 to 5.4, upon increasing the temperature at which the 
EPR spectra are recorded, the Ti3+ signals in all cases dramatically diminish as the 
signal broadens due to the fast relaxation characteristics o f  Ti3+ (as discussed later). 
By comparison the sharp intensity o f  the resonance due to the localised conduction 
electron is present throughout the variable temperature study o f  all three cases. The 
variable temperature study therefore, reveals the very different environments o f  the 
two-trapped electron centres (i.e., Ti3+ and localised conduction band electron), which 
results in these differing saturation characteristics.
5.3.2 Characterisation o f H2 reduced HO2
The P25 Anatase sample (ca. 5 mg) was slowly heated under a constant 
hydrogen atmosphere (50 Torr), at varying temperatures from 673 K to 823 K, and 
held at each o f  these temperatures for 1 hour. Following reduction at the highest 
temperature o f  823 K, the sample was evacuated at 298 K. The resultant series o f  
EPR spectra (recorded at 100K) are shown in figure 5.5.
Three signals labelled A ,  B  and B '  can be identified in the spectra. As 
previously mentioned above, the resonance labelled A  at g = 2.0030 has been 
attributed to the medium polarised conduction electrons, whilst the resonance at g «
1.97 (labelled B )  can be attributed to the Ti3+ cation. In addition to these signals, an 
extra sharp feature at g = 1.99 (labelled B ' )  can also be seen. This additional feature 
is most intense at the lower temperature (673K), and becomes less dominant at the 
higher activation temperature, as the signal at g »  1.99 due to Ti3+ becomes more 
predominant. This B '  peak has been reported previously112,13) and arises from the 
presence o f  interstitial Ti3+ centres, as discussed later.
Following reduction at 823K (figure 5.5e) in the presence o f  H2 , evacuation o f  
the sample at 298K resulted in an increase in the intensity o f  the medium polarised 
conduction electron signal along with a decrease in the Ti3+ signal. No interstitial Ti3+ 
centres were observed following evacuation.
114
I— 1— I— 1— I— 1— I— 1— I— '— I— 1— I— I— I— I— I— '— I— '— I— I— I 
3200 3225 3250 3275 3300 3325 3350 3375 3400 3425 3450 3475
Magnetic field (Gauss)
Figure 5.5. EPR spectra o f P25 Anatase recorded at 100K after thermal reduction
under H2 (50 Torr) at increasing temperatures (a) 673K, (b) 723K, (c) 
773K, (d) 823K and (e) after evacuation o f the excess H 2 gas at 298 K.
5.3.3 Characterisation o f UV irradiated polycrystalline HO2
Following the preparation o f the activated T i0 2 sample (Rutile A), the clean 
dehydrated sample was UV irradiated under an oxygen atmosphere (10 Torr) for a 
period o f 30 minutes at 100K. The resultant EPR spectrum recorded at 100K is 
shown in figure 5.6.
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Figure 5.6. EPR Spectrum (recorded at 100K) of Rutile A after UV irradiation at 77K for 30 
minutes under an O2 (10 Torr) atmosphere.
The low temperature EPR spectrum illustrates the presence o f  several signals. 
These signals have been labelled as C and B in figure 5.6. The latter signal at g = 
1.967 labelled B and attributed to Ti3+. However, the signals labelled C have not been 
previously witnessed in this work. These new EPR singles have multiple g 
components at g i = 2.009, 2.0138, 2.022 and 2.037 with a common gy component at g 
= 2.002. Warming the sample gently to 298 K caused species C to become unstable 
and the EPR spectrum diminishing dramatically. However, the species could be 
regenerated by subsequent low temperature UV irradiation. This signal can be 
assigned to a lattice O* centre (or trapped hole) . (9  ,4' ,8)
Characterisation o f the low field signal at g = 2.056 is slightly more difficult, 
the largest g values observed for O' in P25 is gj_ = 2.026 whilst, studies by Jenkins and 
Murphy(,8) reported a multiple o f  g i components with the largest at g = 2.043 on a 
Rutile sample. In order for the g values to become larger significant levels o f  cationic 
impurities need to be present in the bulk o f the material, causing an increase in the 
splitting o f  the n orbitals o f  the O* radical (which in turn influence the g values). This 
could be a possible cause for the high g value observed here as the exact purity o f  the 
Rutile A sample is unknown. Another possibility is the presence o f physisorbed 
oxygen on the surface. This site will therefore not be discussed further.
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5.3.4 Discrimination between Surface and Bulk Tis+ Centres
In order to differentiate between the relative properties o f bulk vs. surface Ti3" 
centres in the thermally reduced systems (figures 5.1 -  5.4) a series o f experiments 
were preformed at different reduction temperatures. Each o f the three samples (i.e., 
Anatase, Rutile A and Rutile B) were thermally reduced for a period of 1 hour under 
vacuum at varying temperatures in the range o f 573 K to 873 K. The samples were 
then cooled to 100 K, and the resultant EPR spectra recorded, as shown in figures 5.7,
5.8 and 5.9.
573 K
873
i   1-------------------------  1--------1---------------- 1----------------   1
3300 3325 3350 3375 3400 3425 3450 3475 3500
Magnetic Field / Gauss
Figure 5.7. EPR spectra (100K) of P25 Anatase after thermal reduction at different 
temperatures: (a) 573 K, (b) 623 K, (c) 673 K, (d) 723 K, (e) 773 K, (f) 823 K 
and (g) 873 K.
117
573 K
923 K
3225 3250 3275 3300 3325 3350 3375 3400 3425 3450
Magnetic Field / Gauss
Figure 5.8. EPR spectra (100K) of Rutile A after thermal reduction at different 
temperatures: (a) 573K, (b) 623K, (c) 673K, (d) 723K, (e) 773K, (f) 823K, (g) 
873K and (h) 923K.
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Figure 5.9. EPR spectra (100 K) of Rutile B after thermal reduction at different 
temperatures: (a) 673 K, (b) 723 K, (c) 773 K, (d) 823 K and (e) 873 K.
As illustrated in figures 5.7 to 5.9 upon increasing the reduction temperature, 
the intensity o f  signal A due to  the medium polarised conduction electrons at g = 
2.0030 increases. Simultaneously, the Ti3+ signals B also broadens as the temperature 
o f  reduction increases. As a result accurate integrations o f the spectra are difficult due 
to extensive spin-spin interactions occurring at the higher Ti3+ concentrations. At 
temperatures greater than 873 K extensive bulk reduction occurs, as the proportion o f 
Ti3r centres formed in the oxide bulk increases as a fraction o f the total Ti3+ 
centres.(18)
A further signal labelled B ' in figure 5.7 at g = 1.99 has been attributed to 
traces o f  interstitial Ti3t centres. This signal was only observed on the P25 Anatase 
sample during thermal reduction at 573 K (figure 5.7a), since no evidence o f  this 
signal was observed in figures 5.8 and 5.9, Rutile A and Rutile B respectively.
5.4 Discussion
As previously mentioned, in order to explore and study the reactivity o f  
surface trapped charge carrier pairs (i.e., holes and electrons), the nature o f the 
trapped states themselves must first be characterised. The trapped charge carriers can 
be produced using various conditions, i.e., thermal reduction, reduction under a H 2 
atmosphere and UV irradiation o f  the TiC>2 sample, and their EPR features will be 
discussed in the following sections.
5.4.1 Nature o f Signal A: Medium Polarised Conduction Electrons
During thermal reduction o f  the TiC>2 samples, two paramagnetic species 
labelled A and B are observed in the EPR spectrum (figure 5.1). The resonance at g = 
2.0030, arising from a medium polarised conduction electron, was observed under 
thermal reduction for all materials. This signal has been reported previously by many 
authors(6) and has been associated with polarised conduction band electrons. Previous 
reports into the nature o f  this signal have suggested that it could be due to O' 
species/1 However, research by Tench et al, / 7) showed that the signal at g = 2.0030 
was unaffected when treated with oxygen enriched with the 170  isotope, therefore, 
proving that the assignment o f  the signal to  a surface or even subsurface O ' was 
incorrect. As at 77 K, rapid exchange o f  lattice oxygens are unlikely, therefore the 
signal cannot be attributed to the O'. Further evidence was provided by Serwicka et
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a/.,(6) who concluded that the signal at g = 2.0030 could not be due to O' centres. 
Experiments clearly showed that the signal was not connected to any adsorbed oxygen 
species, since it appeared also with acceptor molecules not containing O2 , e.g., SF6 
and H2 S(6)
Tench et a /.,(7) attributed the formation o f  these centres to medium polarisation 
by adsorbates leading to  conduction electrons becoming localised in the sub-surface 
regions o f  the T i0 2 lattice. The appearance o f  a peak at g = 2.0030 in the reduced 
spectra prior to adsorbate exposure was also reported by Serwicka et al.}6) who noted 
that the feature exhibits different EPR relaxation characteristics following exposure to 
adsorbates with medium to high electron affinity.
Since the g value o f  species A is close to ge, it is unlikely to be associated with 
any transition metal ion species. As previously discussed in section 5.3.1. the two 
signals A and B are not related to each other since the relative intensities o f the two 
vary arbitrarily from sample to  sample. The isotropic EPR signal A is indicative o f 
an unpaired electron located in a spherically symmetrical environment, and is 
consistent with suggestions o f  localised conduction band electrons. It has been 
suggested that this species may be due to  electrons trapped at defect structures in the 
bulk(6) (such as an anion vacancy, labelled AV, in equation 5.1. below), although this 
has not yet been proven.
AV + e'cb — > A V  (5.1)
There appears to  be little consensus in the T i0 2 literature into the nature and 
spatial distribution o f  this polarised electron centre, and a correct model for the 
behaviour observed in the EPR signal with surface adsorbates (i.e., signal increases) 
may be analogous to similar effects observed for porous silicon.(19)
Nevertheless, this polarised electron does not react chemically with surface 
adsorbates forming radicals and within the scope and aims o f  this work, will not be 
discussed further.
5.4.2 Nature o f  Signal B: I f  cations
The thermal annealing o f  T i0 2 under vacuum and resulting deviation from the 
stoichiometric polycrystalline surface was first reported by Gray et al.,(20) in 1959. 
Research several years later attributed these earlier results to conduction electrons 
trapped at defect centres forming EPR active Ti3+ species.(8)
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During the thermal reduction treatment o f  TiC>2 under a vacuum the surface 
undergoes loss o f  lattice oxygen, thus generating four electrons per O2 molecule via 
the process shown in equation 5.2. These four electrons are trapped at the Ti4+ sites as 
Ti3+ (equation 5.3), which are EPR active.
2 O2 (iatt) — ► O2 (g) + 4 e'(cb> (5.2)
4 Ti4+ + 4 e '  — >4 Ti3+ (5 .3 )
Resonance B (figure 5.1) has been reported numerous times in the 
literature*9’10l8) and therefore has been confidently assigned to the Ti3+ centres formed 
by electron trapping at the Ti4+ site
Ti (surf/bulk) Ccb > Ti (surf/bulk) (5-4)
Both Ti3+ centres (surface or bulk) associated with resonance B display axial 
symmetry with g (surf) «  g (bulk), so that resonance B may be considered a composite 
signal. For a d 1 ion (such as Ti3+) in a tetragonally distorted octahedral field, the g 
tensor components are known to fit the first order expressions :*211
gll = ge - 8A7A (5.5(a))
g± = ge ~ 2X/5 (5.5(b))
where X = the spin orbit coupling constant for Ti3+ (154 c m 1)
45 = the energy separation between 2 Eg doublet and the 2 B2g ground 
state (due to tetragonal distortion)
A = the energy separation between the B2g and B ig states
The crystal field splittings for a d 1 ion are shown in Figure 5.10. The Ti3+ ion 
experiences a tetragonal splitting both at the surface and in the bulk. The surface g i 
component is then approximately equal to the bulk g i  component, and the EPR 
spectra o f  the two centres remain unresolved. However, in colloidal systems surface 
Ti3+ centres experience a relative shift in 5 due to the presence o f  adsorbates 
occupying the sixth coordination sites at the surface, e.g., H2 O or OH*. The g i 
component o f  the surface Ti3+ centres is then variant according to the identity o f  the 
sixth coordination species, and has been resolved from that o f  bulk Ti3+ centres by 
Howe and Gratzel*91 for colloidal Anatase Ti0 2 .
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Figure 5.10. Crystal field splittings of the orbitals in a d1 transition metal ion.
The large linewidths associated with the Ti3+ resonance are typical for Ti3^  
centres in polycrystalline TiC>2 . It has been attributed to an envelope o f  Ti3+ 
absorptions arising from sites having a distribution o f slightly different local 
geometries and individual g values.(9) Precise simulation o f  the observed line shape is 
thus difficult to achieve owing to the large number o f species involved i.e., resonance 
B representing an envelope o f  multiple EPR absorptions.
The variable temperature study o f  the reduced TiC>2 samples displayed a loss 
in intensity o f  the Ti3+ signal B for all TiC>2 samples studied as illustrated in figures 
5 .2 to 5 .4. This loss o f  the Ti3+ signal at temperatures close to room temperature has 
been associated with the rapid relaxation tim e o f  the spin -  orbit coupling and the 
signal appears to broaden. In contrast to this, signal A remained constant throughout 
the variable tem perature study for all TiC>2 materials, thus providing further evidence 
that the two signals (localised conduction electron and Ti3+) are unrelated.(8)
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5. 4. 3 Discrimination Between Surface and Bulk Ti3+ Centres in TiC>2
In order to gain a fuller understanding o f  the formation o f  Ti3+ and localised 
conduction electrons, the response o f  Anatase and Rutile TiC>2 samples to reduction in 
vacuo at various tem peratures was measured. This study, therefore, allowed the 
optimum tem perature o f  reduction for solid-gas interface studies to be determined 
along with an understanding o f  the surface to bulk Ti3+ ratio acquired at various 
reduction temperatures. Therefore, the optimum concentration o f  surface Ti3+ centres 
(with a minimum concentration o f  interfering bulk species) for reaction with 
adsorbates can be obtained.
Generally, as illustrated in figures 5.7, 5.8 and 5.9, the increase in reduction 
temperature causes an increases in the signal due to the medium polarised conduction 
electrons at g = 2.0030 (signal A). Simultaneously as the temperature is increased the 
Ti3+ signal broadens considerably due to extensive spin - spin interactions occurring at 
the higher Ti3+ concentrations from extensive TiC>2 reduction. At temperatures higher 
than 873 K extensive bulk reduction occurs as the proportion o f  Ti3+ centres formed in 
the oxide bulk increases as a fraction o f  the total Ti3+ signal at g « 1.962. Along with 
the increase in the total Ti3+ signal, an increase in the blue colour intensity also 
occurred which is an indication o f  the extent o f  T i0 2  reduction.
When the temperature o f  reduction exceeds 823K, only extensive bulk 
reduction o f  the TiC>2 powder occurs, since the surface region is fully reduced. Thus, 
reduction above this temperature simply produces a large bulk Ti3+ resonance at g »  
1.962, which will obscure the EPR signals o f  any surface radical. The ratio o f  surface 
to bulk Ti3+ production therefore, begins to decrease rapidly i.e., as the temperature is 
increased, the surface concentration o f  Ti3+ decreases. This was demonstrated in a 
study by Jenkins and M urphy,(18) who compared the signal intensities o f  the Ti3+ 
centres before and after various reduction temperatures.
In the reported study the TiC>2 sample was reduced under vacuum for 1 hour in 
the temperature range 723 -  923 K. The thermally reduced sample was then exposed 
to O2 (10 Torr) at 300 K for 10s. The excess gaseous O2 was then evacuated at this 
temperature. This results in the re-oxidation o f  the surface Ti3+ centres to Ti4+ via 
electron transfer to the adsorbed O 2 (forming the well known adsorbed superoxide 
anion, c f  chapter 6 ) so that only a bulk Ti3+ remnant EPR signal remained. The 
sample was then heated to 500 K under vacuum, a temperature sufficiently high 
enough to destroy adsorbed 0 2* but too low to generate new Ti3+ centres. The signal
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intensities o f  the Ti3 centres before and after thermal reduction could then be 
compared. The results obtained from this investigation are presented in figure 5.11.
Percentage of total 60 
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Figure 5.11. Variation of the surfacebulk Ti3+ composition in Ti02 as a function of vacuum 
reduction temperature.
Similar results to those shown above in figure 5.11, were also obtained when 
the analogous experimental technique was preformed on the three TiC>2 samples here. 
At temperatures higher than 873 K extensive bulk reduction occurs as the proportion 
o f Ti3+ centres formed in the bulk increases as a fraction o f total Ti3+ signal at g » 
1 962. Further EPR studies on polycrystalline TiC>2 powders(22) reduced at 
temperatures 723 - 923 K under vacuum have also confirmed, that the surface to bulk 
Ti3+ ratio decreases as the reduction temperature increase. Following reduction at T > 
1000K (not shown here) the broad Ti3+ remnant at g «  1.962, most likely arises from 
Ti3+ ions in lattice sites in the bulk and sub surface regions.(13)
The findings that higher reduction temperatures produce an increase in bulk 
reduction o f the TiC>2 has also been supported by results obtained from Henderson,(23) 
who studied the re-oxidation o f TiC>2 surfaces by a diffusion mechanism involving 
Ti3+ mass transfer between the surface and the bulk o f the oxide. However, 
Henderson suggested that the majority o f  bulk reduction occurs via a defect transport 
mechanism involving diffusion o f interstitial Ti3+ cations above 700K. Results 
obtained here and by Jenkins and Murphy(18) are partially in agreement with this (as 
the levels o f  interstitial Ti3+ cations(9) at g = 1.99 were observed), although most of the 
bulk Ti3+ are clearly not located at interstitial sites as observed in figures 5.7 to 5.9. 
This could possibly be due to the method o f preparation o f the T i0 2 samples used.
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As mentioned earlier, the weak shoulder at g = 1.99 (resonance B' in figure 
5.7(a)) arises from the presence o f  interstitial Ti3+(12,13) and can be generated both 
thermally (under reduction and H 2 atmosphere) and radiatively. The presence o f this 
signal is indicative that Ti3+ migration via an interstitial mechanism is occurring, but 
the very low signal intensity indicates that it accounts for only a small proportion o f 
all Ti3+ centres migrating into the bulk.
The relatively large linewidths o f  the bulk Ti3+ remnant signal is suggestive o f 
a distribution o f  reduced cation sites having slightly different geometries and g tensor 
components; although the heterogeneity o f  the geometries appears to be less than 
expected for a distribution o f  ‘pure’ point defects such as ion vacancies, lattice slips 
and grain boundaries, it is likely that the concentration o f  such defects is sufficiently 
high to account for the total heterogeneity observed. The width and relatively high 
intensity o f  the remnant Ti3+ signal at g «  1.962, may be explained by taking into 
account the contribution from Ti3+ centres in sub surface-sites where there is 
crystalline disorder and crystal field perturbation due to the proximity o f  the particle 
surface.
The formation o f  reduced Ti3+ centres is associated with the presence o f  a 
crystalline defect structure - which are most abundant at the particle surface - high 
surface area materials tend to produce more intense EPR signals following thermal 
reduction, as reflected in figure 5.1. Lower coordination states o f Ti2+ and Ti+ can be 
produced under severe reducing / sputtering conditions.(24’25) The reduced surface 
also contains a higher number o f  intrinsic defects, such as oxygen vacancies, which 
result in stronger attachment o f  oxygen - containing molecules and enhanced rates o f 
dissociative chemisorption.
The electrons stabilised at the Ti4+ sites as Ti3+ can be very reactive and are 
readily transferred to  adsorbates at the surface oxidising them as shown in the 
equation 5.6 below,
Ti3+ + Ads — > Ti4+ + Ads (5.6)
5.4.4 Formation o f trapped charge carriers following H2 treatment
A second experimental approach under dark non-equilibrium conditions can 
also generate the trapped charge carriers i.e., the thermal reduction under a H 2 
atmosphere.(26,27) The variable temperature study shown in figure 5.5, revealed the
125
presence of several signals labelled A, B and B\ These signals have been identified 
as, due to medium polarised conduction electrons (signal A) and to surface and sub­
surface Ti3+centres (signal B), while resonance B' due to presence of interstitial Ti3+.
Hydrogen acts as a strong reducing agent, and as seen in figure 5.5, upon 
increasing the temperature under a H2 atmosphere the TiC>2 (surface or bulk) 
undergoes extensive reduction. At the lower temperature of reduction only traces of 
interstitial Ti3+ centres (B') are observed. However, upon increasing the reduction 
temperature an increase in signal A due to medium polarised conduction electron and 
signal B due to the Ti3+ centres. As previously discussed, increasing the temperature 
causes the Ti3+ signal to broaden due to the increase in bulk Ti3+, thus obscuring the 
EPR signals of any other species. Upon evacuation of the excess hydrogen from the 
reduced surface at 298 K, the resulting EPR spectrum (figure 5.5e) still displays the 
two paramagnetic species A and B, although at a lower intensity.
Prior to any thermal annealing of the TiC>2 under the H2 atmosphere there was 
no evidence of any production of Ti3+ following addition of the hydrogen at 298 K. 
The first traces of any surface reduction of the TiC>2 sample was witnessed following 
annealing to 673 K as observed in figure 5.5 (a). The results presented here have also 
been supported in a recent study by Liu et al.}2&) They reported that for thermal 
treatment in a constant hydrogen pressure the optimum temperature was in the range 
of 773 -  873°C for effective reduction, this is in agreement with the results in figure
5.5. Also they reported a signal at g = 1.955 which they assigned to the Ti3+ cation, 
however, no differentiation between the surface and bulk formed Ti3+ species were 
made. Following the thermal pre-treatment under the excess H2 atmosphere Lui et
reported a significant improvement in the photocatalytic degradation of both 
sulfosalicylic acid (SSA) and phenol using the H2-treated Ti02. Similar results were 
reported by Okamoto et al.,{29) who adopted H2 reduction as a simple pre-treatment of 
TiC>2 in the photocatalytic degradation of phenol.
Several other authors have also studied the treatment of Ti02 with hydrogen 
under varying conditions. Thermal hydrogen treatment of TiC>2 was reported to be 
capable of prolonging the lifetime of the holes by reducing the number of bulk 
recombination centres.(30) However, in this work no traces of trapped holes were 
observed before or after evacuation of the excess H2 . The use of H2 treatment is a 
common method used to improve the surface and photoelectrochemical properties of 
TiC>2.(31'33) Heller et a/.,(34) reported the enhanced photocatalytic activity of the TiC>2
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catalyst by a thermal reduction treatment using hydrogen gas at 550°C. They also 
proposed that the reduction of the Ti(>2 particles raised the Fermi Level and increased 
the height of the barrier that repels electrons from the particles because of more Ti3+ 
available in the TiC>2 particles.
5.4.5 Nature o f  signal C: Trapped hole (O')
The above discussion has concentrated on the thermal methods used to 
generate trapped electrons on the Ti02 surface and in the bulk. However, UV 
irradiation of the sample also has the ability to generate holes in the TiC>2 material.
As shown in figure 5.6, following UV irradiation of an activated TiC>2 sample, 
two signals labelled B and C were formed. The former resonance at g = 1.967 has 
been attributed to the Ti3+ cation, i.e., the trapping of an electron. The second signal 
with multiple g components at gi = 2.009, 2.0138, 2.022 and 2.037 and a common gy 
component at g = 2.002 were not previously observed during the thermal reduction of 
TiC>2 . However, this signal has been previously reported during the UV irradiation of 
a TiC>2 sample and has been attributed to that of a trapped hole (0').(9,I4'18)
Following UV irradiation, both trapped charge carriers (i.e., Ti3+ and O') were 
simultaneously formed and stabilised at low temperature on the Ti0 2  surface; this was 
previously not observed during thermal reduction of the Ti0 2  materials where only 
trapped electrons were observed. However, by comparison the species generated 
under UV conditions produced no evidence of a localised conduction electron 
compared to that obtained during thermal conditions. This result is not surprising 
when considered within the context of how the trapped electron centres are generated. 
For thermally reduced TiC>2, the electrons trapped at the Ti4+ centres from the lattice 
O2' anions, released when gas phase O2 is generated in this non-stoichiometric system. 
However, in the radiative case, the charge separated pairs form (Ti4+-02' — > Ti3+-0') 
so that no itinerant or excess electrons escape into the conduction bands to form 
polarised conduction electrons.
These active oxygen species appear to have axial symmetry formed here and 
are characterised by the spin Hamiltonian parameters g±' = 2.009, gi2 = 2.0138, g i3 =
2.002 and gi4 = 2.037 and gn = 2.002. For the case of O' with axial symmetry (figure 
5.12), the px and py orbitals are symmetrically - and energetically -  degenerate, and a 
single crystal field splitting results. For the O' species, the simplified g tensor
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components in octahedral symmetry were derived by Che and Tench(17) and are given 
by the first order relations;
gzz ge
gxx =  ge +  2  A /A E i
gyy =  ge + 2 X /A E 2
(5.7a)
(5.7b)
(57c)
where, X = spin coupling constant o f  the interacting cation and AEi and EA2 are the 
energy differences between Pz - px and py -  px, respectively.
♦
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Orthorhombic symmetry x * y * z Axial symmetry x = y * z
Figure 5.12. Electronic structure of the O' species in (a) orthorhombic and (b) axial crystal field.
In a pure axial system AEi = AE2 , so that a two g system is observed with the 
following components;
Si! gzz ge
g l  =  gxx =  gyy
(5.8a)
(5.8b)
This simplified treatment, with X > 0, leads to one value close to ge and two 
values exceeding ge. In reality gy is rarely observed to be exactly 2.0023 due to some 
degree o f  spin -  orbit coupling between the spin system and cations o f  the crystal 
lattice. The value o f  the gy component depends upon the energy splitting A, which is 
governed by the local cationic charge.(5) The hole centres and light induced surface 
Ti3  ^ ions are stable only in the low temperature regime, and are annihilated at 300K 
due to recombination. The two species can, however, be regenerated by low 
temperature irradiation o f  the sample.
The bulk material o f  TiC>2 has a band gap o f 3.23 eV with the valence band 
edge o f + 2.6 eV (vs NHE), and the conduction band edge o f  -  0.6eV (vs NHE).(14) 
Irradiation o f  T i0 2 with light o f  energy higher than the bad gap (A,<380nm) therefore, 
leads to generation o f  electron-hole pairs. These charge carriers can be trapped at 
several centres; the electrons in Ti4+ ions (at the bulk or the surface)(10) whilst holes at 
bulk or surface anions as shown in equation 5.9
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T i0 2 —^  (e‘ + h+)T i0 2 (5.9)
The positive holes can be trapped by lattice oxide ions equation 5.9, and at 
surface hydroxyl groups forming hydroxyl species as demonstrated in equations 5 . 1 0  
and 5 .11.(35)
Ti4+ - O 2 + h+ — ► Ti4+ -O ' (5 . 1 0 )
O H + h + — >OH* (5.11)
Studies by Nakaoka and Nosaka,(36) also reported the simultaneous generation 
o f a trapped hole and trapped electron on a T i0 2 surface. The trapped hole was 
assigned to a photoproduced hole trapped at the lattice oxygen atoms located in the 
subsurface layer o f  the T i0 2. The assignment o f  this species was in agreement with 
Howe and Gratzel(10) who suggested the radical has a structure o f  Ti4+O T i4 +O H \ and 
a set o f  g values with gi = 2.002, g2  = 2.012 and g3 = 2.016. However, the results 
presented here (figure 5 .6 ) are concerned w ith the stabilisation o f  the species on an 
activated dehydrated form o f  the T i0 2 material, since no layer o f  hydroxyl groups 
were present.
Micic et a /.,(1415) reported that the holes produced by band gap irradiation o f a 
T i0 2 colloid move from the oxygen lattice to  the surface and are trapped directly on 
oxygen atoms bound to the TiIV atoms. The results obtained with T i0 2 colloids 
prepared with oxygen -  17 enriched water support the identification o f  trapped holes 
as an oxygen surface anion radical covalently bound to  titanium atoms, Ti4 +0 2T i 4+0 \  
The results obtained here are consistent with the conclusions o f  Howe and Gratzel(10) 
that the hole adduct is a subsurface oxygen anion radical.
The generation o f  trapped holes and electrons by UV irradiation were also 
attempted on the dehydrated forms o f  P25 Anatase and Rutile B. However, following 
UV irradiation o f  the materials only a signal due to a trapped hole was stabilised on 
the surface and no photogenerated Ti3+ was observed. During the UV irradiation o f  
the lower surface area materials, the excess oxygen acts as a very efficient electron 
scavenger inhibiting the formation o f  Ti3+, forming 0 2‘ which is only observed 
following removal o f  the excess oxygen from the cell. Details o f this mechanism will 
be discussed later in chapter 6 .
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5.5 Conclusions
In order to obtain a full understanding o f  the surface interactions between TiC>2 
oxides and a variety o f  adsorbates, an understanding o f  the surface morphological 
states at the molecular level is required. Thus, knowledge o f  the conditions leading to 
the formation o f  the generated trapped charge carrier pairs (i.e., holes and electrons) is 
extremely important in the understanding o f  surface interactions. Analysis o f the 
carefully controlled pre-treatment conditions, which lead to the formation o f Ti3+ ions, 
and trapped holes in TiC>2 have been summarised in this table 5.3. As evidenced in 
this chapter, and summarised in table 5.3, the trapped charge centres can be generated 
in a number o f  ways i.e., both thermally and photo-initiated, allowing comparison o f  
the methods used and the species formed.
During the thermal activation o f  TiC>2 the EPR spectra indicated the formation 
o f  two trapped electron centres (i.e., localised conduction electrons and reduced Ti3+ 
sites). By comparison, no experimental evidence o f  a trapped hole was witnessed 
following thermal reduction(5) as expected. The relative intensities o f  the Ti3+ 
formation varied form sample to sample, as the higher surface area materials tend to 
produce a more intense EPR signal following thermal reduction.
Table 5.3. Summary of the pre-treatment conditions and their effects on the activation of the 
Ti0 2 samples.
Activation procedure Effect on TiC>2
Heat at > 873 K in vacuo Extensive surface reduction (defect 
formation)
Extensive sub-surface reduction
Heat at 823 K in vacuo Extensive surface reduction 
Moderate sub surface reduction
Heat at 723 to 773 K in vacuo Moderate surface reduction 
Low sub-surface reduction
1. Heat at 723 to 823 K in vacuo 1. Moderate surface reduction
2. Anneal in 0 2 (10 Torr) at 723 to 823K 2. Surface re-oxidation, vacancy 
restoration
Heat at 823 K in H2 atmosphere Extensive surface reduction 
Moderate sub-surface reduction
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Knowledge o f  the surface:bulk ratio o f  Ti3+ formation during various 
reduction tem peratures provides an understanding o f the most favourable temperature 
to use in order to create the optimum concentration o f  surface Ti3+ cations with a 
minimum interference from the bulk Ti3+ species. As demonstrated here and 
previously reported(18) increasing the temperature o f reduction increases the formation 
o f bulk Ti3+ and therefore decreases the ratio o f surface to  bulk Ti3+ formation.
Under a reductive atmosphere o f  hydrogen, the TiC>2 sample undergoes 
reduction when heated to temperatures over 600K. No formation o f  electrons trapped 
at Ti44 sites as Ti3+ cations and localised conduction electrons are observed without 
any form o f  thermal treatment.
By comparison to  the ‘dark’ experiments previously discussed, trapped charge 
carriers can also be generated by UV irradiation o f  an activated TiC>2 sample at low 
temperature. In this case however both the Ti3+ centres and trapped hole O ' species 
can be formed under UV irradiation. Both UV generated species were observed 
simultaneously on the surface at low temperature.
The lifetime o f  the generated surface trapped charge carrier pairs (i.e., 
electrons and holes) was notably different for those produced under ‘dark’ conditions 
and those under UV irradiation. During thermal reduction the Ti3+ and localised 
conduction electrons formed are stable at room temperature, and a loss in Ti3+ 
intensity occurs only after several hours. However, the UV generated trapped hole 
(O') and Ti3+ where both reported to be unstable following gentle warming to 300 K.
During both methods o f  thermal treatm ent no trapped holes were observed, 
only Ti3" cations and localised conduction electrons were observed in the EPR data 
collected. However, under UV conditions trapped electrons and trapped holes are 
produced but no signal due to  localised conduction electrons are observed.
As demonstrated in this chapter the formation o f  trapped charge carrier states 
can be produced both thermally and under photo-irradiated conditions. The formation 
o f  the charge carriers required or produced depends on the pre-treatment conditions 
used. In addition to this the role o f  varying surface morphologies (i.e., P25 Anatase, 
Rutile A and Rutile B) and surface areas o f  the TiC>2 samples have also demonstrated 
the differences that can occur during the generation and formation o f  these trapped 
charge carriers. Therefore, in order to obtain a full understanding o f  the surface 
interactions between TiC>2 and adsorbates the type o f  TiC>2 material used must be 
considered along with the pre-treatment conditions.
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Chapter 6
Formation of Oxygen Centred Radicals over Thermal Reduced
and Photo-Irradiated T i0 2
6.1 Introduction
Photocatalytic reactions involving semiconductor metal oxides have a wide 
range o f applications as discussed earlier (cf. chapter 1). The successful application of 
these materials relies on the photocatalytic reactions that occur at the oxide surface. 
An understanding o f  the interfacial photochem istry at the molecular level, particularly 
the fundamental chemistry o f  electron and hole transfer to the adsorbed substrate, is 
therefore considered central to the design o f  more improved photocatalysts with high 
quantum yields.
Several types o f  oxygen species have been characterised and proposed as 
reaction interm ediates in photocatalytic processes; some o f  these include mononuclear 
oxygen anion (O'), superoxide (O2’), ozonide (O3'), hydroxy (HO*), hydroperoxy 
(HO2*), alkylperoxy (ROO*), or other precusor states such as hydrogen peroxide 
(H2O2 ) or singlet oxygen ( 10 2 ).(114) These radicals are formed by interfacial charge 
transfer at the gas-solid interface, and provided the lifetime o f the radicals are 
sufficiently long, many can be unambiguously detected by EPR. For example, 
superoxide anions are easily formed by interfacial electron transfer from trapped
electron sites to adsorbed dioxygen (Ti3+surf + 0 2 ------ » Ti4+ ... O2’), and it has been
reported that the anions can react with protons on the hydrated surface producing
hydroperoxy radicals (O 2" + H+ ------ > H 0 2*). Both radicals produce very
characteristic spin Hamiltonian EPR param eters. On the other hand the positive holes
can be trapped by lattice oxide ions (T i4+ + O 2' + h+  > Ti4+ - O ') and at surface
hydroxyl groups forming hydroxy radicals (O H ' + h+ ------ > OH*). The formation o f
ozonide radicals by reaction o f  m olecular oxygen with a trapped hole has also been
reported (Ti4+ - O ' + 0 2 ------ > T i4+ O.^')/9’ Other competing surface reactions may
also occur, leading to a decrease in surface radical concentration, such as the 
recombination o f  surface hydroxy radicals producing additional radical species
(20H *------ > H20 2, and H 20 2 + OH* ------ > 0 2H* + H20 ) , or continued capture o f
photogenerated electrons producing diam agnetic species (O 2 + e ------> 0 2 2 ) not
visible by EPR.
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The com plexity o f  the interfacial reactions, coupled with the variabilities in 
the abundance, nature and lifetime o f the radicals as a  function o f  surface treatment or 
morphology, suggests that the nature o f the active oxygen species may change during 
the reaction conditions. W hile EPR provides clear evidence for the existence of the 
stable surface oxygen radicals, it may not readily detect transient unstable species, 
which may be more reactive and participate more extensively in the photocatalytic 
process, at the expense o f  the long-lived EPR visible species. In this chapter it will be 
demonstrated that the nature o f the surface paramagnetic oxygen species can change 
depending on the pre-treatm ent conditions and nature o f  the surface, and thereby 
illustrate the importance o f  studying these surface radicals under various conditions to 
fully understand the initial electron-transfer reaction process.
Therefore, in this chapter a num ber o f  different methods have been employed 
in order to study the generation o f the surface oxygen radicals. These methods 
include,
•  (A) Radical formation (O 2 ) over a therm ally reduced TiC>2 ,
•  (B) Radical formation (O 2 ) over UV irradiated TiC>2 ,
•  (C) Radical formation (O 2 ) over a UV irradiated sample o f TiC>2 that has been
hydrated.
As discussed later in the chapter, the superoxide anion is an excellent probe o f surface 
heterogeneity and therefore for com parison purposes, a number o f experiments have 
also been carried out using NO as a com plim entary probe o f  the surface.
6.2 Experimental
A detailed treatm ent o f the experimental methods used in the handling o f the 
powders, m anipulation o f  the samples on the vacuum line and operation o f 
spectrometers was thoroughly described in chapter 4. In this section, the specific 
experimental conditions used in the preparation and study o f  the oxygen centred 
radicals will be outlined.
6.2.1 Thermal activation o f  polycrystalline Ti02 under vacuum.
Throughout the work described in this chapter the titanium dioxide, P25 
Anatase (Degussa) with a surface area o f  ca. 49 m 2g_I was used, along with a Rutile 
sample hereafter labelled Rutile A with a surface area o f  ca. 135 m 2g _1 this material
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was synthesised by hydrolysis o f an aqueous solution (about 5 M) o f TiCl4 (15) A
second Rutile sample, hereafter labelled Rutile B sample with a surface area o f  ca. 97
2 1m g' supplied by H untsm an Tioxide was also used in this work. Each Ti0 2  sample 
{ca. 5mg) was initially evacuated to a residual pressure o f  10-4 Torr at 298 K in an 
EPR quartz cell. The polycrystalline Ti( > 2  powders were initially evacuated to a 
residual pressure o f  1CT4 Torr at 298K. The samples were then heated to 393K under 
vacuum overnight in order to remove any physisorbed water from the surface.
The sam ples were then slowly heated under vacuum to a final temperature o f 
823 K (over a 5 hour period), and held at this temperature for approximately 1 hour. 
Under these conditions the TiC>2 surface is reduced, as the lattice O2' anions are 
removed, producing a non-stoichiom etric surface containing an excess o f  Ti3+ cations. 
The reduced pow der (is blue in colour due to  the excess number o f Ti3+ centres(5)) was 
then cooled to 298 K and exposed to oxygen (10 Torr) at this temperature for 5 
minutes. The excess oxygen was subsequently evacuated at room temperature before 
any EPR m easurem ents were taken. The high purity O 2 gas was supplied by BOC 
Ltd. 170-labelled  dioxygen gas (63%  enrichm ent) was supplied by Icon Services Inc. 
(New Jersey) and used without further purification.
6.2.2 UV irradiation ofpolycrvstalline TiC> 2
Following initial evacuation o f the polycrystalline powders (ca. 5mg) to a 
residual pressure o f  10"4 Torr at 298 K in an EPR quartz cell, the samples were then 
heated to 393 K under vacuum overnight in order to remove any physisorbed water 
from the surface. The polycrystalline TiCb samples were then subsequently slowly 
heated (over a 5 hour period) to a tem perature o f  823 K, and held at this temperature 
for approximately 1 hour. Oxygen (50 Torr) was added to the sample at 823 K and 
the samples cooled to room tem perature under the excess oxygen atmosphere. This 
produced a clean dehydrated surface free from contam inants or surface hydroxyls. 
Exposure o f  a thermally reduced T i0 2 surface to 0 2 at 298 K leads to the formation o f 
paramagnetic surface oxygen radicals (i.e., 0 , 0 2  or O 3 as discussed later). 
However, exposure o f  T i0 2  to 0 2 at high tem peratures (823 K) leads to the formation 
o f diamagnetic surface O 2- lattice anions, as the surface is effectively re-oxidized at 
this high temperature. At no time during this treatm ent were the samples exposed to 
air, thus ensuring that the surface remained clean.
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Prior to UV irradiation o f the dehydrated samples oxygen (10 Torr) was added 
to the samples at room tem perature before irradiation at 77 K for approximately 30 
minutes. Following UV irradiation the excess oxygen gas was evacuated. A 1000 W 
Oriel Instruments UV lamp, incorporating a Hg/Xe arc lamp (250 nm to 2500 nm), 
was used for all irradiations in the presence o f  a water filter. The UV output below 
280 nm accounts for only 4 -  5% o f  the total lamp output.
6.2.3 UV irradiation o f  hydrated polycrystallineTi02
As stated above, the previous method o f  preparation was used in order to 
produce clean dehydrated U O 2 surfaces. However, the samples were subsequently 
exposed to water in two different ways in order to study the effects o f surface 
hydration on the nature o f  the photogenerated oxygen radicals. The two forms o f 
surface hydration are referred to as (i) fu lly  hydrated and (ii) partially hydrated.
Following activation o f  the polyciystalline TiC>2 surfaces (as described above), 
the vapours o f  triply distilled water (10 Torr) were added to the samples under 
vacuum at 673 K for 1 hour. The water was purified by repeated freeze-pump-thaw 
cycles before use. The samples were subsequently evacuated at 298 K for 30 minutes 
to remove the excess physisorbed water m olecules. The samples hereafter will be 
referred to as a. fully-hydrated surface. Before UV irradiation o f the hydrated surfaces 
oxygen (10 Torr) was added at 298 K.
In order to produce a partially-hydrated surface, a mixture o f  oxygen and 
water vapour (10.1 ratio; 10 Torr pressure) w ere co-adsorbed at 298 K on the clean 
dehydrated TiCb surfaces. The samples hereafter will be referred to as a partially- 
hydrated surface. The partially-hydrated sam ples were then UV irradiated at low 
temperature under the excess mixture for 30 m inutes
6.2.4 Addition o f NO probe gas
Throughout this section o f  study only the P25 Anatase and Rutile B samples 
were examined. Prior to any NO adsorption clean dehydrated Ti02 surfaces free from 
contaminants and surface hydroxyls were prepared (cf. section 6.2.2). The NO gas (5, 
20 and 40 Torr) was then added at 298 K to the T i0 2 samples. The NO (ex. Argo) gas 
was purified by repeated freeze-pump thaw cycles before use, to remove any oxygen.
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6.2.5 Measurement o f  EPR spectroscopy
The EPR spectra were recorded on a Bruker ESP 300E series spectrometer 
incorporating an EPR 4102 ST rectangular cavity. All spectra were recorded at X- 
band frequencies, 100 kHz field modulation and 10 mW microwave power. The g 
values were obtained using a Bruker ER035M NMR gaussmeter calibrated using the 
perylene radical cation in concentrated H2 S 0 4 (g = 2.002569). EPR computer 
simulations were performed using the SIMMS program (QCPE 265).
6.3 Results A: Radical Formation on Thermally Reduced TiC> 2
6.3.1 Thermal reduction ofP25 Anatase T1O2 .
When the T i0 2 sample was heated under vacuum to 823 K and held at this 
temperature for 1 hour a blue coloured powder was produced, indicative of the Ti3+ 
cation formation (cf. chapter 5). Addition o f oxygen gas (10 Torr) at 298 K to the 
reduced material caused the powder to be bleached almost immediately. The resulting 
EPR spectrum was recorded at low temperature (100 K) and is shown in figure 6.1.
g = 2.003
g *  1.97
3300 3320 3340 336032803260324032203200
Magnetic field (Gauss)
Figure 6.1. X -band EPR spectra (100K) o f P25 Anatase after (a) thennally reduced at 823 
K for 1 hour and (b) addition o f  oxygen at 298 K.
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The signal due to the Ti3+ centres has virtually disappeared and is replaced by 
the easily recognisable signal due to CV (figure 6.1b). The latter signal is particularly 
well resolved in the g^  region, and the distribution o f sites responsible for this profile 
(discussed later) were further highlighted by computer simulation (see figure 6.2).
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3220 3230 3240 3250 32703260 3280 3290 3300
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Figure 6.2. Experimental and simulated EPR spectrum o f  thermally reduced P25 Anatase, 
following addition o f  oxygen (10 Torr) at 298 K. The EPR spectrum was 
recorded at 100K.
The spin Hamiltonian parameters derived by computer simulation were gxx =
2.002, gyy = 2.008 and a heterogeneity o f  gzz components at g^ = (I) 2.019, (II) = 
2.023 and (III) = 2.026. These three different g^  peaks were easily identified from 
the simulation (figure 6.2) thus indicating the presence o f three different sites 
available for stabilisation o f the newly formed species. Warming the sample to 298 K 
and subsequent recooling to 100 K resulted in no loss o f the spectral data. Also 
leaving the sample for several days at 298 K did not result in any loss o f the signal.
After formation o f the O 2 ' species on the P25 surface a variable temperature 
EPR study was performed. This approach can frequently be used to obtain
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information on the local mobility and rotational dynamics o f the adsorbed species on 
the surface.06 m The resulting series of spectra are shown in figure 6.3.
120 K
240 K
i----------1----------1----------.---------- 1---------- 1---------- 1---------- 1---------- 1---------- 1---------- 1---------- -----------1----------1----------1----------1----------1
3220  3230  3 240  3 250  3 260  3270  3280 3290 3300
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Figure 6.3. X  band EPR spectra o f  P25 Anatase following thermal reduction at 823 K and 
addition o f  oxygen (10 Torr) at 298 K. The resulting spectra were recorded at 
(a) 120 K, (b) 140 K, (c) 160 K, (d) 180 K, (e) 200 K, (f) 220 K, and (g) 240 K.
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As seen in figure 6.3 upon increasing the temperature at which the spectrum 
was recorded, the intensity o f the signal was found to decrease slightly. The signal in 
figures 6.1 to 6.3 can easily be assigned to the O 2’ anion based on the characteristic g 
tensor elements for the radical stabilised on metal oxides.(8,16,18,19) As the gzz 
component is sensitive to the crystal field environment, the average value o f 2.022 
observed is consistent with that expected for O2 ' stabilised at a Ti4+ site.(20) The 
heterogeneity o f the g^ area originates from the speciation o f the O2 ' radicals on the 
TiCb surface. In other words, there are at least three possible well-defined sites 
available for superoxide stabilisation; as the radicals are most likely to be stabilised at 
the site where electron transfer occurs.
The g tensor can give only limited information on the nature o f the adsorbed 
O 2 ', and in order to obtain further information on the bonding and structure o f the 
radical experiments using oxygen isotopically enriched in n O have been particularly 
valuable in the characterisation o f the O2 ' anion. As before the P25 Anatase sample 
was thermally reduced at 823 K under vacuum producing the non-stoichiometric 
surface enriched with Ti3+. Once the sample was cooled to 298 K, it was exposed to 
labelled 17Oxygen (10 Torr) for 10 minutes at this temperature. The excess gas was 
then evacuated at 298 K, and the resulting spectrum is shown in figure 6.4.
T XT T TX Tx TX Tx
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3450 3500 3550 3600
F igure 6.4. Experimental EPR spectrum, o f  P25 Anatase after thermal reduction at 823 K, 
followed by the addition o f  170-labelled  oxygen o f  63% isotopic enrichment 
(10 Torr). The EPR spectrum was recorded at 10 K.
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The nucleus o f  n O has a spin o f I = 5/2(21) and for exactly equivalent oxygen 
nuclei then ( 170 160") and (160 170  ) will produce a sextet hyperfme pattern with a 
coupling o f 77 G. The presence o f  these two-labelled species ( 170 160~ and 160 170") 
indicates that the predom inant species must be a diatomic form o f  oxygen in which 
both nuclei are equivalent. The 17C>2 results show that the unpaired spin density is 
similar in both oxygen nuclei and the electron must be regarded as distributed over the 
entire molecular ion. The observed hyperfme pattern is identical to that expected for 
the ‘side-on’ bonded ionic superoxide species, which will be discussed in greater 
detail later.
17 17In the case o f  ( O O ') an 11-line hyperfme pattern with a significantly lower 
intensity, due to the lower probability o f  having 170 170 ‘ radicals, will be observed. 
The intensity o f  the outer lines in this 11-line pattern were too small to be observed, 
but nevertheless the inner lines could be clearly identified as seen in figure 6.4.
In order to obtain additional inform ation about the Ti0 2  surface stabilised O2’ 
anion, the response o f  the radical to gentle annealing was investigated. This study 
provides information concerning the stability and diffusional characteristics o f the 
radical. Following the form ation o f superoxide on the surface as before, the sample 
was heated to tem peratures o f  313, 333 and 353 K for periods o f 15 minutes and the 
resultant EPR spectra (figure 6.5 b-d respectively) recorded at 100 K.
As shown earlier in figures 6.1 and 6.2, three distinctive gzz components are 
visible at I = 2.019, D  = 2.023 and II I  = 2.026. After oxygen addition at 298 K to the 
reduced sample, the relative intensities o f  these three peaks is in the order I  > I I  > m .  
This same intensity distribution is observed after annealing at the slightly higher 
temperature o f  313K. However, following subsequent annealing at progressively 
higher temperatures, the relative intensities o f  these three components (I, II and m )  
changes, and a pronounced decrease occurs in the peak labelled I. The resulting 
intensity pattern is now approxim ately in the order I I  > H I > I (figure 6.5 c and d).
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Figure 6.5. EPR spectra (100K) o f  ( V  on a thermally reduced P25 Anatase sample after 
annealing at (a) 298 K, (b) 313 K, (c) 333 K and (d) 353 K.
It should be mentioned that the resonance at gxx = 2.002 in figures 6.1, 6.2 and
6.5 is due to the existence o f the localised conduction electron. The presence of the 
additional O2* charge on the surface causes the signal to change and the resonance to 
suffer some distortion, as discussed in chapter 5.
In order to determine the optimum temperature o f reduction at which 
formation o f superoxide is favoured, a P25 Anatase sample was reduced at increased 
temperatures 573 K to 873 K in 50 K intervals. Following each new reduction 
temperature, oxygen (10 Torr) was added to the sample for a period of 10 minutes at 
room temperature before evacuation. The resulting spectra recorded at 100 K are 
shown in figure 6.6.
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Figure 6.6. X band EPR spectra (100 K) o f  P25 Anatase, following thermal reduction at 
increasing temperatures; (a) 573 K, (b) 623 K, (c) 673 K, (d) 723 K, (e) 773 K, 
(f) 823 K (g) 873 K and addition o f  oxygen (10 Torr) at 298 K.
As shown in figure 6.6, at the lowest temperature of reduction 573 K no 
evidence o f superoxide stabilisation on the surface was observed. Thermal reduction 
o f the sample at this temperature resulted in the generation of bulk interstitial Ti3+ at g 
= 1.99 (cf. chapter 5 figure 5.7) but with no available surface Ti3+ for reduction o f O2 .
Following reduction at 623 K, an orthorhombic signal with the g components gxx 
= 2.002, gyy = 2.008, gzz = 2.018 is observed. The single g^ component indicates the 
presence o f a single adsorption site for the O2’ anion on the T i02 surface at this 
temperature. However, as the temperature o f reduction increases so does the 
complexity of the g^ region; with the new features at g^ = 2.023 and 2.026 emerging.
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This indicates the presence o f additional adsorption sites for the anion arising from the 
increased heterogeneity o f  the defect sites, which trap the anions on the increasingly 
more reduced and therefore more non-stoichiometric Ti3+surface.
6.3.2. Thermal reduction o f Rut He (Rutile A)
When Rutile A (Rutile ca. 130m2g'1) was heated under vacuum to a temperature 
o f 923 K and annealed at this temperature for 1 hour an aqua blue powdered sample 
was formed. The higher temperature o f reduction was used as this was found to be 
the optimum temperature for sufficient reduction o f the sample (see figure 6.9). The 
higher reduction temperature was not used during the study o f P25 Anatase as the 
sample would undergo rutilisation at this temperature. Addition o f oxygen (10 Torr) 
at 298 K caused the blue coloured powder to be immediately bleached white. The 
EPR spectrum was recorded at low temperature (100 K) and is shown in figure 6.7.
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Figure 6.7. X band EPR spectra (100 K) of Rutile A, addition of oxygen (10 Torr) at 298 K 
after thermal reduction at 923 K.
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As shown in figure 6.7, the resultant EPR spectrum displayed a signal with the 
spin Hamiltonian parameters gxx = 2.003, g>y 2.008 and g^ = 2.011. The new EPR 
spectrum was virtually absent o f any O 2 formation. However, traces o f a second 
signal with a g value o f  2.035 have also been observed. This signal has been 
identified as a hydroperoxy radical (HO2*) on the surface. The g^ component o f  such 
species on TiC>2 is always ca. 2.034, and often used to identify the species.(16,20’22’23) A 
possible explanation for the existence o f this radical is the incomplete removal o f 
surface hydroxyls following thermal reduction o f the sample. To prevent the 
formation o f the HC>2# complete removal o f  the surface hydroxyls are needed by 
thermal reduction at >923 K. To obtain further information about the identification o f 
the former signal a variable temperature study was carried out as shown in figure 6 .8 .
3380 3400 3420 34403360334033203280 3300
Magnetic Field (Gauss)
Figure 6 .8 . EPR spectra Rutile A after thermal reduction at 923 K and addition of oxygen 
(10 Torr) at 298 K. The EPR spectra were recorded at (a) 35 K, (b) 80 K, (c) 
130 K, (d) 210 K and (e) 280 K.
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As shown in figure 6 . 8  increasing the temperature from 35 to 280 K causes the 
resultant signal to alter due to the signal averaging out as the temperature approaches 
room temperature. The spin Hamiltonian parameters for the newly formed oxygen 
centred radical on the Rutile A surface can be easily assigned to the adsorbed ozonide 
O 3* radical. Confirmation from the variable temperature study (figure 6 .8 ) indicates 
the dynamic rotational characteristics o f the anion at elevated temperatures which is a 
typical feature o f the 0 3 * anion. (9,16’20)
In order to determine the optimum temperature o f TiC>2 reduction for maximum 
ozonide formation on the Rutile A material, the sample was thermally reduced at 
increasing temperatures from 673 K to 923 K in 50 K steps for periods o f 1 hour. 
Oxygen (10 Torr) was then added to the sample at 298 K for 15 minutes. The 
resulting spectra were recorded at 100K and are shown in figure 6.9. It appears that 
the optimum temperature for O 3 ' formation occurs at >923 K.
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Figure 6.9. EPR spectra (100 K) of Rutile A following thermal reduction at increasing 
temperatures and subsequent 0 2 addition at 298 K. The reduction 
temperatures were; (a) 673 K, (b) 723 K, (c) 773 K, (d) 823 K, (e) 873 K (f)
6.3.3 Thermal reduction o f Rutile (Rutile B)
When Rutile B (Rutile ca. 97m2g‘1) was heated under vacuum to a temperature 
of 823 K and held at this temperature for 1 hour a dark blue coloured powder was 
produced. Addition of oxygen (10 Torr) at 298 K to the reduced non-stoichiometric 
surface caused a lightening in colouration of the powder. The EPR spectrum of the 
reduced sample after addition of oxygen is shown in figure 6 . 1 0 .
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Figure 6.10. X band EPR spectra (100 K) o f  Rutile B addition o f  oxygen (10 Torr) at 298 K 
after thermal reduction at 823 K.
As shown in figure 6.10 a complex EPR spectrum was produced. It should be 
recalled that Cb addition to the reduced P25 resulted only in O2' formation while 0 2 
addition to Rutile A resulted in predominant O3' formation. In Rutile B, the 
complexity of the spectrum suggests that a number of different radical centres were 
produced. Close inspection of the spectrum reveals the presence of superoxide anion 
on the surface, with the g tensors of, gxx = 2.003 gw = 2.009 g^ = 2.022 and 2.026. 
However, as shown in figure 6 .11 a second signal marked with an asterisk * is 
produced with the spin Hamiltonian parameters gj. = 2.029 and g|| = 2.003 and these 
parameters appear consistent with an assignment based on O'. The signal at 1.975 has 
been attributed to Ti3+ centres in the bulk of the sample.
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Furthermore, comparison o f the integrated signal intensity in figure 6.10 
compared to the signal o f  the reduced powder containing Ti3+ only, suggests that the 
new radicals are far less intense compared to the initial Ti3+ signal by approximately 
60 %. This suggests that the majority o f the reduced oxygen species following 
electron transfer from the Rutile surface producing diamagnetic centres.
In order to study the formation o f the two radicals on the reduced Rutile B 
surface the optimum temperature o f  reduction and subsequent addition o f the oxygen 
was studied. The Rutile sample was firstly reduced at increased temperatures from 
673 K to 873 K in 50 K intervals and held at the respective temperatures for 1 hour. 
Oxygen (10 Torr) was then added to the sample at 298 K for 15 minutes. The 
resulting series o f spectra were recorded at 100K and are shown in figure 6.11.
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Figure 6.11. EPR spectra (100 K) of Rutile B following thermal reduction at increased 
temperatures (a) 673 K, (b) 723 K, (c) 773 K, (d) 823 K (e) 873 K after 
addition of oxygen (10 Torr) at 298 K.
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Following thermal reduction to 673 K an orthorhombic signal with the spin 
Hamiltonian parameters gxx = 2.003, gyy = 2.009 and a heterogeneity o f g^ sites at
2.022 and 2.026 has been formed. The g tensors are characteristic o f O2' formation, 
and the heterogeneity o f  the g^ region displays two sites for O 2' formation (figure
6.1 la). However, increasing the temperature o f reduction increases the complexity of 
the EPR spectra. The simultaneous stabilisation o f both radicals (O2’ and O') on the 
surface is observed at the higher temperature o f  reduction. Following thermal 
reduction at 873 K no traces o f the O2 ' radical is seen.
Results B: Radical Formation Radiatively on Dehydrated HO2
6.3.4 UV irradiation o f dehydrated P25 Anatase T1O2 .
When P25 Anatase (ca. 5mg) was heated under a vacuum to 823 K, oxygen 
(50 Torr) was added at this temperature in order to replenish the lattice oxygen, 
producing a clean activated sample. The EPR spectrum of this clean white powder 
did not show any residual Ti3+ signal. A small quantity o f oxygen (ca. 10 Torr) was 
subsequently admitted to this clean dehydroxylated sample, and UV irradiated at 77 K 
for 30 minutes. The resulting EPR spectrum, recorded at low temperature (100 K), is 
shown in figure 6.12.
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Figure 6 .1 2 . X band EPR spectrum (100 K) o f  fully dehydrated P25 Anatase following UV  
irradiation under oxygen atmosphere (10 Torr) at 77 K.
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As displayed in figure 6.12 following low temperature UV irradiation a new 
signal, with spin Hamiltonian parameters o f gj_ = 2.016 and gy = 2.002 was produced. 
The species responsible for this signal was thermally unstable since gently warming 
the sample to room temperature caused the signal to disappear. Furthermore, the 
signal decayed in the dark at 100 K, after cessation o f the illumination. However, 
regeneration o f the signal could be done by UV irradiation at low temperature. The 
signal produced after UV irradiation under an oxygen atmosphere can be easily 
assigned to that o f a trapped hole (O’) stabilised on the surface based on the well 
known spin Hamiltonian parameters for surface holes (ie., g±= 2.016 and gy = 2.002),t 
No photogenerated trapped electron centres (Ti3+) were visible under these conditions 
since the sample was irradiated under an O 2 atmosphere (10 Torr). Therefore, the 
presence o f any photogenerated surface radical o f surface Ti3+ ion would be invisible 
due to the excess o f O 2 . As a result the sample was warmed to 298 K (which destroys 
the bulk O' species) and the excess O 2 evacuated at that temperature. The 
experimental and simulated EPR spectra following oxygen evacuation are displayed 
in figure 6.13.
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Figure 6.13. Experimental and simulated EPR spectra of photogenerated 0 2' on P25 
anatase after UV irradiation under 10 Torr of oxygen at 77 K and subsequent 
evacuation of the excess oxygen at 298K. The EPR spectrum was recorded 
at 100 K
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From the experim ental and computer simulated spectra shown in figure 6.13 an 
orthorhombic signal with spin Hamiltonian parameters o f  gxx = 2.002, gyy = 2.008 and 
gz7(F ) = 2.017, (1) -  2.019, (I ')  = 2.021, (II) = 2.023 and (III) = 2.026 has been 
identified. Five different g^  peaks were resolved from the simulation (figure 6.13), 
indicating the presence o f five different radical sites available for stabilisation. This 
signal has been previously observed and has been identified as the superoxide radical, 
the g tensors com m on to (V  confirm this identification. The photogenerated 
superoxide anion was stable on the surface for several days at room temperature.
Com parison o f  the superoxide stabilised on the thermally reduced surface and 
activated surface displays differences in the heterogeneity o f the sites available for 
stabilisation o f  the radical. However, in b rie f it should be recalled that the thermally 
reduced surface contains a num ber o f defects created by the oxygen vacancies (i.e., a 
non-stoichiom etric surface) during therm ovacuum  reduction. By comparison, the 
clean activated TiCb surface (used in the photogeneration experiments) should contain 
far less defects in this stoichiometric surface. Essentially, while extended 
morphological defects like steps, terraces, etc., are common to both samples, the clean 
activated TiC>2 sample should in principle be less defective and certainly different 
compared to the reduced surface. Therefore, it is not surprising that the heterogeneity 
observed in figure 6.13 is different compared to that observed in figure 6.2. Perhaps 
more significantly, the process o f  T i3+ form ation is different in both experiments (i.e., 
T i3+ formation via therm al reduction as opposed to Ti3+ formation by radiative 
treatm ent) so that the surface Ti sites responsible for electron transfer may be 
expected to be different, and this may be m anifested in the speciation observed by the 
O 2’ probe. A discussion o f  these observed differences in site heterogeneity will be 
presented later in 6.4.
6.3.5 UV irradiation o f  dehydrated Rutile A Ti02
A clean dehydrated Rutile A sample (ca. 5mg) was produced using the same 
thermal reduction and oxidation steps as described earlier. Following activation o f the 
sample oxygen (ca. 10 Torr) was added at room temperature and UV irradiated at 77 
K for a period o f 30 minutes under the excess oxygen atmosphere. The resultant EPR 
spectrum recorded at 100 K is shown in figure 6 .14a.
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Figure 6.14. X band EPR spectra (100 K) of fully dehydrated Rutile A following (a) UV 
irradiation under 10 Torr of oxygen at 77 K and (b) after subsequent 
evacuation of the excess oxygen at 298 K.
As shown in figure 6.14a the low temperature EPR spectrum reveals the 
presence of two distinct signals labelled A and B. The former signal A with the spin 
Hamiltonian parameters gx1 = 2.009 gj.2 = 2.0138 gj.3 = 2.022 and gy = 2.002 can be 
easily assigned to a trapped holes (O') stabilised on the sub-surface at low 
temperature. The latter signal labelled B at g » 1.97 has been previously observed and 
can be attributed to photogenerated trapped electron centres, Ti3+, as discussed in 
chapter 5. Warming the sample to 298 K or leaving the sample in the dark caused the 
trapped hole and Ti3+ signals to diminish due to their instability and recombination 
under these conditions. However, the signals could be regenerated by UV irradiation 
at low temperature. Following UV irradiation of the activated Rutile A sample the 
remaining excess oxygen in the cell was evacuated at 298 K. The experimental EPR 
spectrum following oxygen evacuation is displayed in figure 6.14b. An orthorhombic
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signal with the spin H am iltonian = 2.002 gw = 2.008 and (II) « 2.022 and (HI) 
2.026 could be observed which is characteristic o f superoxide formation. The g^ 
region is not clearly resolved (a general trend noted in all the experiments preformed 
with this particular sample). Nevertheless, the heterogeneity o f the g^  region reveals 
two sites available for superoxide stabilisation. After leaving the sample at 298 K for 
several days the UV generated superoxide anion was found to be stable on the fully 
dehydrated Rutile sample. N o traces o f  the trapped hole or photogenerated Ti3+ were 
seen following evacuation o f  the excess oxygen from the cell.
It is interesting to note in passing, that both o f the photogenerated charge 
separated pairs (Ti4+- 0 2' + hv —> Ti3+- 0 ‘) are visible in the Rutile material (figure 
6.14a) but one o f  them (Ti3+) was absent in the Anatase material (figure 6.12). The 
well known enhanced photoactivity o f A natase vs. Rutile, is often ascribed in the 
literature to the enhanced availability o f  the photogenerated charge carriers, and the 
fact that the electron and hole trapping sites in Rutile are energetically deeper (and 
therefore more stable) com pared to A natase where the Ti3+ centre cannot be seen 
possibly due to the shallow nature o f  this trapping site (or possibly due to reactivity 
with adsorbed surface oxygen).
6.3.6 UV irradiation o f dehydrated Rutile B T1O2
The third sample investigated in the radiative experiments was Rutile B. The 
material was firstly activated using the sam e experim ental pre-treatment as before, 
oxygen (10 Torr) was added to the clean activated sample and the TiC>2 powder was 
then UV irradiated for 30 minutes at 77 K. The resultant EPR spectrum is shown in 
figure 6.15a.
As shown in figure 6.15a a signal sim ilar to that seen for both P25 Anatase 
and Rutile A was observed. This signal has been characterised by the spin 
Hamiltonian parameters gj_ = 2.009 and gy = 2.002 and identified as that o f a trapped 
hole. The linewidth o f the gy com ponent in 6.16a is unusually large, and the “low 
field” side o f  this peak alm ost creates a derivative-like profile (i.e., this should not 
occur for a pure parallel com ponent in a powder-type spectrum). One explanation for 
this could be due to a ‘contam ination’ with a second unresolved g± component, as 
identified in 6.15a, which causes an overall broadening and distortion o f the gypeak. 
However, another explanation is that part o f  the signal at this g value, close to free
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spin, arises from traces of a polarised conduction electron (discussed in detail in the 
previous chapter) as it is also visible in figure 6.17 (see later).
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Figure 6.15. X band EPR spectra (100 K) of fully-dehydrated Rutile B following (a) UV 
irradiation under 10 Torr of oxygen at 77K and (b) subsequent evacuation of 
excess oxygen at 298 K.
When the sample was warmed to 298 K the trapped hole formed at low 
temperature became unstable (i.e., the signal disappeared), but it could be regenerated 
during subsequent low temperature UV irradiation. No traces of trapped electron 
centres (i.e., Ti3+) were visible during the UV irradiation experiments under the 
oxygen atmosphere. Unlike the previous Rutile sample studied (section 6.3.5 above), 
the Rutile B sample is a commercial material containing a large number of transition 
metal ion impurities.^ It is well known that such impurities act as preferential 
electron traps compared to Ti during photoirradiation, as energetically they sit lower 
in the band gap, this may explain the absence of a Ti3+ signal in this particular case. 
The excess oxygen was then evacuated at 298 K from the cell and the resultant EPR 
spectrum recorded at 100 K, as shown in figure 6.15b.
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Following evacuation an orthorhombic signal with spin Hamiltonian 
parameters o f  gxx = 2.002, g>y = 2.008, g^ = 2.022 and 2.026 could be observed. Two 
gzz peaks were resolved indicating the presence o f two different radical sites available 
for stabilisation o f  the species. The signal can be easily identified as the superoxide 
radical, confirm ed by the g tensors o f the radical. The photogenerated anion was 
stable on the Rutile B surface for several days when left at 298 K.
Results C: Radical Formation Radiatively on Hydrated Ti02
The nature and stability o f  the oxygen-based radicals (i.e., trapped hole and 
superoxide) generated by UV irradiation was also explored as a function o f surface 
hydration, as surface hydroxyls are sufficient traps for photogenerated holes, and 
ultimately produce OH* centres. The three-polycrystalline Ti02 samples were 
examined under two different conditions o f  surface hydration, (a) a fully hydrated 
surface and (b) a partially hydrated surface. Each sample was initially reduced under 
vacuum to a tem perature o f  823 K and oxygen (50 Torr) was added to the sample at 
this tem perature producing a clean dehydrated surface. The freshly prepared activated 
surface was then hydrated by exposure to w ater vapour in the vacuum line.
As explained earlier (c f  section 6.2.3), during production o f the fully hydrated 
surfaces triply distilled water vapour (10 Torr) was added to the clean dehydrated 
surfaces at 673 K for 1 hour. The samples were then evacuated at 298 K for 30 
minutes, sections 6.3.7 to 6.3.9 display the subsequent results observed following UV 
irradiation o f  the samples.
Sections 6.3.10 to 6.3.12 are concerned with the effect that partial hydration o f 
the T i0 2 surfaces has on the oxygen based radicals formed during UV irradiation. 
Here in order to produce the partially hydrated surfaces a mixture o f oxygen and 
water (10:1 ratio, total pressure 10 Torr) was added to the earlier prepared clean 
dehydrated surfaces at 298 K.
6.3.7 UV irradiation o f  fully hydratedP25 Anatase TiC> 2
W hen the P25 Anatase surface was fully hydrated using the above method, 
oxygen (10 Torr) was added to the sample and UV irradiated at 77 K for 30 minutes, 
analogous to the radiative experim ents described above. In this case, no signals were 
observed in the EPR spectrum (the spectrum, which simply showed a “flat” baseline,
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is not shown for brevity). The excess oxygen was then evacuation at 298 K and the 
EPR spectrum was again recorded at 100 K. Once again, no signals of any kind were 
observed in the EPR spectrum.
6.3.8 UV irradiation o f  fully hydrated Rutile A HO2
A fully hydrated Rutile A sample was initially prepared using the same 
method as before. Oxygen (10 Torr) was added to the hydrated surface at 298 K, and 
UV irradiated for 30 minutes at 77 K. The resultant EPR spectrum recorded at 100 K 
is shown in figure 6.16a.
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Figure 6 .1 6 . X  band EPR spectra (100 K) o f  a fully hydrated Rutile A sample following (a) 
U V  irradiation at 77 K under an oxygen atmosphere, (b) evacuation at 298 K 
and (c) warming to 298 K for 24 hours followed by re-cooling to 100 K.
As shown in figure 6.16a during UV irradiation of the fully hydrated surface, 
two signals labelled A and B have been formed. The former signal labelled A with 
the spin Hamiltonian parameters of gj_2 = 2.0138, gj_3 = 2.022 and gy = 2.002, can be
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easily identified as a trapped hole (O’). The second signal labelled B at the higher 
field position has been identified as the photogenerated Ti3+ centre with the g 
components g i = 1.96 and gy = 1.94, this signal has been previously detailed in 
chapter 5. Increasing the temperature gently to 298 K caused the two signals to 
become unstable and diminish. The species were both regenerated following low 
temperature UV irradiation.
It is also interesting to note that one o f the three gj. components previously 
observed in the irradiated Rutile A sample (see figure 6.14a) is now absent in the 
hydrated equivalent Rutile A powder. This may indicate that one of the two trapped 
hole centres in Rutile A is a sub-surface species* that is capable of reacting with the 
surface hydroxyls as suggested by Howe and Gratzel.(12)
Ti4+ - O' - Ti4+ - OH -► Ti4+ - O2' - Ti4+ - OH* (6 .1 )
The sample was then warmed to room temperature and the excess oxygen 
evacuated from the cell. The resultant EPR spectrum recorded at 100K after O2 
evacuation is shown in figure 6.16b. The spectrum reveals an orthorhombic signal 
characteristic of the O2 ' signal. The g components gxx = 2.002, gyy = 2.008 and g^ =
2 . 0 2 2  and 2.026 confirm this assignment, along with the heterogeneity o f site 
availability for O 2" stabilisation. The intensity of the spectra was found to decrease 
(by a factor o f 5) after standing for 24 hours at 298 K (figure 6.16c). This decrease in
O2' intensity shows the lower stability o f the superoxide anion stabilised on the 
hydrated rutile surface compared to that on the dehydrated surface. This will be 
discussed in greater detail later.
*; it is unlikely to be a pure surface species as it was present on the fully dehydrated sample 
containing an excess o f  adsorbed oxygen. A surface O' anion may be expected to react with 
surface oxygen forming the ozonide species. This did not occur in this particular experiment, 
suggesting that the trapped hole may instead be sub-surface.
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6.3.9 UV irradiation o f fully hydrated Rutile B Ti02
The final surface to be examined under full hydration conditions was Rutile B. 
A fully hydrated surface was initially prepared as before, oxygen (10 Torr) was then 
added to the sample at 298 K before UV irradiation at 77 K for 30 minutes. The 
resultant spectrum was recorded at 100 K and is displayed in figure 6.17a.
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Figure 6.17. X  band EPR spectra (100 K) o f  Rutile B following full hydration o f  the 
sample and addition o f  oxygen (10 Torr) following (a) UV irradiation at 77 K 
and (b) evacuation at 298 K.
The EPR spectrum in figure 6.17a is rather unusual. It is known from the 
previous experiments that UV radiation of Rutile under these conditions should 
produce a visible trapped hole signal (see figure 6.16 for the dehydrated case for 
example). Indeed the signals at g = 2.008 and g = 2.021 are most likely due to the g± 
components of a trapped hole (O*) along with those at 2.043 and 2.029.(?) However 
the region of the g|| component is heavily distorted, and this distortion can only be
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explained as arising from another species. The most likely candidate is a medium 
polarised conduction electron, since the signal remained even after annealing and 
oxygen evacuation at 298 K. It should be recalled that the medium polarised 
conduction electron is a bulk species, and therefore will not be significantly perturbed 
by the excess oxygen (hence it is visible in figure 6.17a). However, what is surprising 
and difficult to explain is the mechanism by which this species is produced. After 
charge separation, the photogenerated electron, which is usually trapped by deep 
electron acceptors such as Ti4+ or transition metal impurities, is instead stabilised in 
the shallow electron traps o f the polarised conduction centres (cf. chapter 5). But the 
driving force for this, which appears to be enhanced by the surface hydroxyls, is 
unclear.
After oxygen evacuation, no evidence is found for any superoxide anions. 
These anions were clearly visible on the fully hydrated Rutile A sample under 
identical conditions. One must therefore conclude that the local surface morphology 
in these two Rutile samples (A and B) are quite different, so that surface cationic sites 
capable of electrostatic interaction (and thus stabilisation) with O2' are blocked by the 
-OH groups in Rutile B but remain accessible in the Rutile A material.
6.3.10 III r irradiation o f  partially hydratedP25 Anatase HO2
The second approach used to investigate the effect of surface hydration on the 
nature and stability o f the oxygen-based radical was to study radical generation on a 
partially hydrated Ti0 2  surface. Following the production of a clean dehydrated P25 
Anatase sample, a mixture o f water and oxygen in a ratio 1:10 (total pressure 10 Torr) 
was co-adsorbed onto the sample at 298 K. The sample was then UV irradiated at 77 
K for 30 minutes. The resultant EPR spectrum is shown in figure 6.18a. Unlike the 
previous approach where the surface was completely ‘saturated’ with -OH groups 
(and possibly physisorbed water), in this second approach oxygen remains in excess 
while the 1 Torr pressure of water delivered in the experiment ensures good coverage 
of the surface.
The low temperature EPR spectrum reveals the presence of four distinct 
signals labelled A, B, B' and C in figure 6.18a. Signal A dominates the low 
temperature spectrum, and this signal is characterised by the g values of g_L = 2.016 
and g|t = 2.002. This signal can be easily assigned to a trapped hole (O'). This signal
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was found to be very unstable at 298 K, but could be regenerated following 
subsequent UV irradiation at 77K. The signals labelled B and B' are due to the 
photogenerated Ti3+ centres, since the former signal B has a g value of g » 1.97 due to 
bulk Ti3+ at lattice sites while the signal B' at g = 1.99 is due to interstitial Ti3+.
Finally, signal C has a g value of 2.034 has only been mentioned briefly in this 
study. This new signal was also found to be thermally unstable when warmed to 298 
K. This unidentified signal, which is photogenerated on the partially hydrated 
surface, can be easily assigned to the hydroperoxy radical (HCV). The g^ component 
of such hydro peroxy radicals on TiC>2 is always ca. 2.034, and is often used as a 
fingerprint to identify the species.(16,20’22,23) As a result the remaining g values for this 
species should be present at gyy = 2.008 and gxx = 2 .0 0 2 , although in this case they are 
overlapped due to the more abundant O' signal.
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Figure 6.18. X band EPR spectra (100 K ) o f  P25 Anatase after co-adsorption of 
oxygen/water (10:1 ratio, 10 Torr total pressure) following (a) UV  
irradiation at 77 K and (b) evacuation at 298 K.
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Following the UV irradiation, the excess mixture o f water and oxygen was 
evacuated at 298 K and the resultant EPR spectrum recorded at 100 K is shown in 
figure 6.18b. Evacuation o f  the sample at 298 K did not reveal the presence o f any 
superoxide stabilised on the surface, similar to the analogous study on a fully hydrated 
surface. The photogenerated T i3+ produced prior to evacuation was still present. It 
should be recalled that on the fully dehydrated and fully hydrated P25 surface, UV 
irradiation at 77K under an O 2 atmosphere did not lead to any observable Ti3+ signal 
(sections 6.3.4 and 6.3.7 respectively), although trapped holes were detected in the 
dehydrated sample (figure 6 .12). In this current experiment (figure 6.18) only a partial 
hydration o f  the surface exists (i.e., 1 : 1 0  ratio o f  H 2 0 : 0 2  with a total; pressure o f  1 0  
Torr in the cell), and as a result both trapped holes and trapped electrons are 
simultaneously visible at 100K. It is not clear why the degree o f surface hydration 
leads to such dramatic differences in the trapping o f  the photogenerated electrons as 
Ti3+ centres, and this ambiguity should be explored in the future.
6.3.11 UV irradiation o f  partially hydrated Rutile A TiC>2
A partially hydrated sample was produced using the same conditions as 
described above. Following activation, a m ixture o f  water and oxygen (ratio 1:10) 
was added to the sample at 298 K. The sample was then UV irradiation at 77 K for a 
period o f 30 minutes, and the resultant EPR spectrum  is shown in figure 6.19a.
As shown in figure 6.19a following low  temperature UV irradiation two 
signals labelled C  and B have been formed. The former signal, C, with spin 
Hamiltonian param eters gj. = 2.013 and gy = 2.002 can be easily identified as a 
trapped hole (O'). The latter signal, B, w ith g values g± = 1.958 and g(| = 1.946 is 
characteristic o f  photogenerated T i3+ centres form ed in the bulk o f the lattice. The 
two signals disappeared when the sample was warmed to 298 K, this is due to the 
thermal instability o f the species and therefore subsequent recombination. Both 
signals could be regenerated by low tem perature UV irradiation.
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Figure 6.19. X band EPR spectra (100 K) of a partially hydrated Rutile A sample after (a) 
UV irradiation at 77 K and (b) evacuation at 298 K.
The sample was then warmed to room temperature and the excess mixture 
evacuated at this temperature. The resultant EPR spectrum recorded at 100 K 
following evacuation is shown in figure 6.19b. A signal with g values of gxx = 2.002, 
g v y  = 2.008 and g ^  (II) = 2.022 and (III) = 2.026 can be easily identified as the 
characteristic superoxide anion stabilised on the surface. Although not shown here, 
the intensity of the superoxide signal decreased over several hours when left at room 
temperature.
6.3.12. UV irradiation o f partially hydrated Rutile B Ti02
The final TiC>2 sample to be studied under partial hydration conditions was the 
Rutile B sample. As before following production of the dehydrated sample a mixture 
of oxygen and water vapour (10: 1 mixing ratio, total pressure 10 Torr) was added at 
room temperature and the sample UV irradiated at 77 K for 30 minutes. The recorded 
EPR spectrum is shown in figure 6.20a.
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Figure 6.20. EPR spectra of Rutile B after co-adsorption of oxygen /water (10:1 ration, 10 
Torr total pressure) following (a) UV irradiation at 77 K and (b) after 
evacuation at 298 K followed by re-cooling to 100 K.
As displayed in figure 6.20a following UV irradiation a complex EPR 
spectrum is produced therefore suggesting a number of various radical species are 
produced. Following close inspection o f the spectrum a trapped hole with spin 
Hamiltonian parameters o f gj_ = 2.008 and g|| = 2.002 is observed. In addition to this 
two peaks with g^ values o f (II) = 2.022 and (III) = 2.026 are observed which are due 
to the stabilisation o f the superoxide anion. A final shoulder peak at g^ = 2.013, is 
also observed, this peak is not due to superoxide as the value is too low. Therefore, 
this final signal is attributed to traces of the ozonide (O3 ) radical/9,16,20) It should be 
noted that the g& value is crystal field sensitive and is slightly larger than that 
previously observed for Rutile A (i.e., gzz = 2.011). The gyy and gxx regions of both
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the superoxide and ozonide signals are present but are overlapped by the presence o f 
the trapped hole.
Evacuation o f  the sample at 298K revealed the well discussed superoxide 
anion adsorbed on the surface as shown in figure 6.20b. This well discussed anion is 
characterised by the spin H am iltonian parameters gxx = 2.002, gyy = 2.009 and (II)
= 2 .022 and (H I) = 2.026 a heterogeneity o f  the gzz region reveals the presence o f two 
sites available for stabilisation o f  the anion on the surface. Neither the ozonide nor 
trapped hole was observed following evacuation o f  the sample.
In all o f  the above experim ents described in sections 6.3.1 to 6.3.12, a range o f  
oxygen based surface radicals have been formed via different methods (i.e., thermal 
reduction versus photogeneration) on different T i0 2 surfaces (i.e., Anatase versus 
Rutile) which were treated in different ways (i.e., dehydrated versus fully or partially 
hydrated surfaces). The resulting spin Ham iltonian parameters for all these radical 
species is therefore collected and sum m arised in Table 7.1 below.
T able 6.1. Spin Hamiltonian parameters for the paramagnetic centres observed by EPR on P25 
Anatase and the two Rutile samples (A and B) used.
Species P25 (A natase) R u tile  A R utile B
O g ±
2.016
gil
2.002
g±
2 .0 0 9
2 .0138
2.022
g||
2 .002
g±
2.009
git
2.002
o 2 gxx gyv gzz gxx gyy gzz gxx gyy gzz
2.002 2.008 2 .019 2.002 2.008 2.022 2.002 2.009 2.022
2.022 2.026 2.026
2.025
O f gxx gzz gzz gxx gyy gzz
2.002 2.008 2.011 2.002 2.008 2.013
h o 2* gxx gyy gzz gxx gyy gzz
2.002 2.008 2.034 2.003 2.008 2.035
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6.3.13 NO as a surface Probe
A probe molecule can be defined as a molecule whose properties in the 
adsorbed state can be monitored by EPR and provide useful information about the 
surface.c24) The properties monitored by EPR can concern either from the probe 
molecule itself or the surface site and the changes of its properties upon adsorption. 
The superoxide anion is a well-known probe molecule that can distinguish differences 
in the local adsorption sites (the reasons for this will be discussed shortly in detail in 
section 6.4.1). However, nitric oxide has also been employed as a surface probe to 
study the influence of surface crystal fields, mostly recently by Chiesa et a/.,(25) on an 
MgO surface. Therefore by comparison with the O2’ work described earlier, a number 
of experiments were also carried out using NO. Prior to any NO adsorption on the 
Ti0 2  surfaces, the samples were thermally reduced at 823 K. Oxygen (50 Torr) was 
added at this temperature and the samples allowed to cool under the excess pressure 
before evacuating at 298 K, to produce clean dehydrated surfaces. NO (20 Torr) was 
then admitted to both Ti0 2  samples at 298 K. The resultant EPR spectra, recorded at 
1 0  K, are shown in figure 6 .2 1 .
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Figu re 6.21. EPR spectra (10 K) of NO (20 Torr) on (a) activated P25 Anatase, (b) activated 
Rutile B.
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The EPR spectra shown in figure 6.21 can be easily assigned to the adsorbed 
NO molecule, with g ^  =  1.9926 (A » = 2.68), gyy = 1.9954 (A>y = 33.4) and a 
heterogeneity o f  g^  components at 1.9503, 1.9157 and 1.9036 on P25 (A ^  = 
unresolved), while on Rutile B similar spin Hamiltonian parameters are observed; gxx 
= 1.9939 (Axx = 2.73), gw = 1.9951 (Ayy = 34.1) and a heterogeneity of g^ 
components at 1.9503 and 1.9157 (Azz =  unresolved). The heterogeneity of the g^ 
region in both spectra is indicative o f  NO adsorption at slightly different low 
coordinated Ti4+ where the local electric field removes the degeneracy of the 2n* 
orbitals o f the NO molecule. It is clear from this simple experiment that the local 
coordination environment o f the Ti4+ cations on the two Ti0 2  surfaces (Anatase vs. 
Rutile) is clearly different.
It is possible that the profile o f the EPR spectrum is NO pressure dependent. In 
other words, at low surface coverages (low pressure), the NO molecules will be 
preferentially adsorbed at the strongest adsorption sites and as the pressure increases, 
adsorption will occur progressively at the weaker (but potentially more abundant) Ti4+ 
adsorption sites. This result can be seen in figure 6.22, where various amounts o f NO 
(5, 20 and 40 Torr) were added to the P25 sample at 298K.
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Figure 6.22. X-band EPR spectra of clean dehydrated P25 Anatase samples following (a) 
NO (5) Torr) addition, (b) NO (20 Torr) addition and (c) NO (40 Torr) 
addition. All spectra were recorded at 100 K.
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At the lowest pressures used, a num ber o f components can be clearly seen 
at 1.9602, 1.9347 and 1.9036 (the highest g^  representing the site o f strongest 
Ti4+...N O  attraction). Therefore, already at 5 Torr a wide distribution o f  low 
coordinated Ti4+ adsorption sites are populated. However as the pressure is increased 
to 40 Torr, the overall EPR signal intensity was found to increase by a factor o f 3, and 
now the most dom inant com ponent appears at 1.8857, which is presumably the 
weakest Ti4+ adsorption site for NO. Therefore, this experiment confirms that the 
profile o f the spectrum is indeed pressure dependent, and low pressures must be used 
in order to evidence the heterogeneity o f  the surface sites.
Using low pressures o f  NO (i.e., 5 Torr) displays a clear heterogeneity o f 
surface sites available for NO adsorption, i.e., gi = 1.9062, g2 = 1.9347 and g3 = 
1.9036. However, when using higher pressures o f  NO (20 and 40 Torr), only one site 
is resolved at g = 1.8857. Therefore, using lower pressures resulted in sufficient NO 
adsorption on the P25 Anatase surface.
In earlier experim ents using O f , the pressence o f  surface -O H  groups was 
found to block the sites responsible for stabilisation o f the anion. Therefore, the 
stability o f NO adsorbed on a hydrated T i0 2 surface was examined. Following 
preparation o f  a clean dehydrated Rutile B surface as before, water (10 Torr) was 
added at 298 K for 30 minutes. After evacuation o f  the water at several different 
temperatures (i.e., 298 K, 383 K and 573 K), NO (20 Torr) was added to the samples 
at 298 K. The resultant EPR spectra are shown in figure 6.23.
The addition o f NO to a hydrated surface previously evacuated at 298 K did 
not allow any NO stabilisation on the surface. This is due to the Ti4+ sites normally 
available for stabilisation now being blocked by the addition o f water. To remove any 
physisorbed OH groups blocking the surface sites normally available for NO 
adsorption, the hydrated surfaces were evacuated at higher temperatures, i.e., 383 K 
and 573 K. As shown in figure 6.23 (b) and (c), as the temperature o f evacuation is 
increased the sites available for NO adsorption and stabilisation are observed. 
Following evacuation at 383 K only one site at g = 1.900 was available for NO 
adsorption. In other words, dehydroxylation o f  the surface occurs at the more highly 
coordinated Ti4+ sites as these -O H  groups will be bound more weakly to such 
cations. An analogous situation occurs on other oxides, such as MgO.(26) These 
hydroxyl free sites are now  available for NO adsorption resulting in the signal at g^ = 
1.900. At higher evacuation temperatures, the Ti4+ cations are progressively
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dehydroxylated, so that the spectrum of adsorbed NO on the 573K evacuated sample 
is very similar to the original spectrum of NO adsorbed on a fully dehydrated surface. 
In particular the components at 1.9503 and 1.9157, representing binding to 
stronger Ti4  ^ sites, are now visible. These results compliment the previous O2" results 
and demonstrate how the available adsorption sites for the probe molecules can be 
easily, and depending on extent of -O H  coverage, preferentially blocked for O2* or 
NO adsorption.
1.9503
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Figure 6 .2 3 . EPR spectra (10K ) o f  a hydrated Rutile B sample containing adsorbed NO.
The hydrated sample was evacuated at (a) 298 K, (b) 383 K and 573 K to 
remove excess water or weakly bound -O H  groups prior to NO admission. 
The EPR spectrum o f  NO adsorbed on a fully dehydrated Rutile B sample is 
shown in (d), for comparison
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6.4 Discussion
Formation o f ionic oxygen species at the surface o f  metal oxides is the subject 
o f active research due to the basic role played by such species in several phenomena 
at the gas-solid interface, including heterogeneous catalysis,(16,20,27,28) corrosion and 
contamination o f  highly pure m aterials.(29) Among the various species reported in the 
literature,(15,18) the superoxide O 2 ’ species is by far the most commonly reported 
species on oxides, which has been characterised mostly by EPR. A great deal o f 
information about its structure, location stability and surface mobility can therefore be 
determined.
6.4.1 Surface crystal fie ld  probe by O i
As reported earlier during the therm al reduction o f  the T i0 2 materials a non- 
stoichiometric and defective T i0 2 surface is formed. Exposure o f these reduced T i0 2 
surfaces to oxygen resulted in the form ation o f  several different ionic oxygen species 
at the surfaces (c f  section 6.3). Following the therm al reduction o f  P25 Anatase the 
subsequent addition o f oxygen resulted in the formation and stabilisation o f the 
superoxide ( 0 2 ) anion (figure 6.1 to 6.5).
The superoxide ion is a useful probe o f  the electric field at the surface o f ionic 
solids particularly oxides.(24) It is considered both an important intermediate in 
heterogeneous catalytic oxidation and also a useful probe for positive charges in ionic 
solids, such as metal oxides and zeolites.(30) The anion is a 13 electron diatomic 
radical with three electrons in the two n* antibonding orbitals therefore, rendering it 
paramagnetic (S = V2 ). However, an EPR spectrum is only observable when the 
degeneracy o f  the two tt* orbitals is rem oved (figure 6.24a), by an external 
perturbation such as the electric field or surrounding ions. The EPR signals have only 
been observed for 0 2“ adsorbed on non param agnetic ions as otherwise there will be a 
strong interaction between the unpaired electron leading to line broadening.(16)
The usual approach to best describe the nature o f the 0 2' species is to adopt an 
ionic model for the anion on the surface. In this model, an electron is transferred from 
the surface to the adsorbed oxygen to form 0 2~, and there is an electrostatic interaction 
between the cation at the adsorption site and the superoxide (eq. 6.2). This process 
can be written as follows:
M(n' 1)+ + 0 2 — >Mn+ 0 2‘ (6 .2 )
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W hen the O 2’ species is adsorbed at a cationic surface site (Mn4"), the 
electrostatic field from the Mn+ removes the degeneracy o f the two 71* oxygen 
orbitals. As the unpaired electron is confined in a 71 type orbital the EPR spectrum is 
intrinsically orthorhom bic, where all three axes o f the molecule are magnetically 
inequivalent (gxx *  gyy *  gzz), where the z direction is specified, as along the 
intem uclear axis, and the x  and y  direction is perpendicular to the adsorption site as 
shown in figure 6.24b.
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F igure  6.24 (a) Energy level diagram for O2' in the ground state. When a crystal field is 
present the 2 p7ty* and 2 p7ix* are not degenerate, (b) Illustration of the 
adsorption mode of 0 2~ on a cationic surface site. Possible local rotation 
modes of the anion about the axes are shown with the circular arrows,
The expected principal values o f  the g tensor were first derived by Kanzig and 
Cohen0 1  ’ for the case o f  an ionic superoxide anion in the bulk o f alkali halides. The 
three principle values usually exhibit three distinct g values with the trend g z z  > g y y  >  
gxx. Ignoring second order terms and assuming A < A «  E, the g components for a 
superoxide ion are given by:
gxx =  ge
gyy =  ge +  2  ATE
gzz ge 2  A /A
(6.3)
(6.4)
(6.5)
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W here X is the spin orbit coupling constant for the oxygen atom, ge is the free 
electron g value (2.0023) A is the energy splitting between the two antibonding 2 p7iy* 
and 2 p7ix* orbitals and E  is the energy difference between the 2p a  and 2 p7ty* orbitals 
as shown in figure 6.24b.
The magnitude o f  the local crystal field which removes the degeneracy o f the 
two n* orbitals determ ines the shift in the g ^  component with respect to the free 
electron ge value, i.e., the sm aller the local electrostatic field felt by the superoxide 
ion, the smaller the value o f  A and hence the larger the gzz value. The magnitude o f 
the gzz component o f  the CF ion can therefore be used to determine the nature o f the 
adsorption site. The advantage o f this m ethod is much more than the identification o f 
the cation charge.(18) The m agnitude o f  gzz not only distinguishes between sites o f 
different cationic charge (Mn+) but also o f  sites with the same nominal charge, but 
different coordinate environments, as observed in figures 6 . 1  and 6 .2 .
A heterogeneity o f  gzz components at gzz = (HI) 2.026, (II) = 2.023 and (I) = 
2.019 reflects the presence o f  three different radical sites available when only one 
cationic species (Ti4+) is present. The heterogeneity o f  sites accessible for O 2" 
stabilisation represents the adsorption sites where the effective crystal field is changed 
as a result o f  different crystal planes and/or different local coordination. In other 
words, at least three well-defined sites are available for O2 ' stabilisation; as the 
radicals are likely to be stabilised at the sites o f electron transfer, these sites 
correspond to different morphological orientations o f  Ti4+. Decreasing the cation 
charge increases the value o f gzz, the highest gzz value (gzz (H I)= 2.026) reflects the 
site o f  highest co-ordinated Ti4+ for O 2" adsorption i.e., lowest effective cation charge. 
In comparison to this, the site o f  the lowest g^  value (gzz (I) = 2.019) for O 2 ' 
adsorption is assigned to the lowest co-ordinated site i.e., highest effective cation 
charge. The difference in site preference o f  the g ^  region is also reflected in the 
signal intensity, where the lower co-ordinated sites have a higher signal intensity 
compared to the sites o f  higher co-ordination (figure 6 .2 ).
Following electron transfer from T i3+ to the O2 , the two resulting charged 
states are held electrostatically together (T i4+. . .. 0 2 ). This is an exothermic reaction 
in the gas phase (-42 kJ/m ol) facilitated by the additional Coulombic stabilisation 
from the lattice. As the g^  component is sensitive to the crystal field environment,
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the average g value o f  2 . 0 2 2  observed in the figures is consistent with those expected 
for O 2’ stabilised at a T i4+ site.(16)
The g values obtained during stabilisation o f  0 2" on the P25 Anatase surface 
are compared to those reported in the literature in table 6 .2 .
Table 6.2. EPR Parameters for 0 2’ on various T i0 2 surfaces.
Oxide gl (gzz) g2 (gyy) g3 (gxx) R ef
P25 anatase 2.022 2.008 2.003 This study
Rutile T i0 2 2 . 0 2 2 2 . 0 1 1 2.008 7
Rutile T i0 2 2.030 2.008 2.004 32
Rutile T i0 2 2 . 0 2 1 2 . 0 1 0 2.004 33
Anatase T i0 2 2.019 2.009 2.003 34
Anatase T i0 2 2.024 2.009 2.003 35
The g values obtained in this study are very similar to those obtained on the 
Rutile and Anatase m aterials in previous studies o f thermal reduction and oxygen 
addition.
6.4.2 T1O2 surface morphological considerations
The presence o f different surface Ti atoms with different environments is 
important, due to the different reactivities, which may be created at each site. In 
recent work, research has dem onstrated that, titania containing 4-coordinate Ti had an 
increased selectivity for certain partial oxidation reactions(36) and selective 
photoreduction o f  Ag+ to Ag m etal.(37,38) It was suggested that this coordination o f Ti 
may create increased photoreactivity either by altering the rate at which carriers are 
trapped at the surface or by altering the rate at which photogenerated carriers are 
transferred across the interfacial barrier. In other words it is possible that the 
relatively electron rich surface O atoms surrounding the 4-coordinate Ti atoms are 
more effective hole traps than those surrounding the 5- coordinate Ti sites.(39) In this 
case, a surface Ti with four O neighbours might bind adsorbed species from the gas or 
solution phase more readily, and this could promote charge transfer from the crystal to 
the adsorbate. W hatever, the view  o f interfacial charge transfer, it is becoming clear
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that different surface planes will display different reactivities arising from differences 
in the degree o f  Ti coordination.
As previously stated, the superoxide anion is very sensitive to the local crystal 
fields created by the surface Ti cations, since the g^  region o f the anion indirectly 
reflects the presence o f  different Ti environments on the surface. However, it is not 
clear if  the three g^  sites (2.019, 2.022 and 2.025) on P25 Anatase for example, 
represent different degrees o f  Ti coordination (e.g., 5- or 4- coordinate) or differences 
in the secondary environm ent o f  a single nominally X-coordinate cation (e.g., a series 
o f 4-coordinate Ti atom on different planes, creating slightly different electric fields 
which split the 7c* orbitals o f  O 2 ’ producing the distribution o f g^ peaks; this has 
previously been observed on M gO(18)). It is thought that the latter case occurs, but 
this requires experim ents using single crystals o f TiC>2 to confirm the assignment. 
Che and Giamello(28) reported that the known values for the gzz region o f the O2’ anion 
stabilised at Ti4+ sites are between the range o f  2.018 to 2.037, ranging from high to 
low coordinated Ti4+ sites. However, as reported here the range o f the gzz values are 
between 2.019 to 2.025 therefore suggesting a single coordinated state.
The range and distribution o f  the g^  com ponents on the Rutile samples (A and 
B) was significantly different com pared to that on P25 Anatase (i.e., g^ (I )  = 2.019, 
g zz (II ) = 2.022, g zz  ( IH ) = 2.026 on P25 and g ^  (I I )  = 2.022 and g^ (H I) = 2.026 on 
the Rutile samples). In addition, while the g^ peaks on P25 Anatase were well 
defined (suggesting a narrower distribution o f adsorption sites) only a broad 
unresolved distribution o f  peaks was found on the Rutile samples. It should be 
recalled, that there is growing evidence in the literature in favour o f the idea that the 
difference in photoactivity between A natase and Rutile, is not just related to 
difference in their band-gap (which are very similar) but may also be due to 
differences in the efficiency o f the electron hole pair utilisation at the surface. In other 
words, how efficiently the electron or hole are transferred across the interface. If the 
degree if  local coordination around a Ti4+ cation is different, one may assume that the 
rate o f  electron transfer may also be different. It is interesting to note therefore, that 
on P25 Anatase one superoxide species with a low g^  value (species I  with 2.019) is 
present which is absent on the two Rutile surfaces. The generation o f reduced surface 
following thermal reduction is not considered a realistic model for the surface state 
during photocatalysis, however, as demonstrated an identical distribution o f g^
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components can be produced on a P25 Anatase sample following the photoirradiation 
in the presence o f  adsorbed O 2 gas, this will be discussed later.
6.4.3 Stability and mobility o f  O2
To obtain further information on the O2 species produced or its environment 
on the surface, oxygen enriched in 170  was used (see figure 6.4). The hyperfine
17tensor o f the O 2 ’ is capable o f  revealing, both the number o f nuclei involved and an 
indication o f  the type o f  bonding with the surface.(40) The 17(V  results show that the 
unpaired spin density is sim ilar in both oxygen nuclei and the electron must be 
regarded as distributed over the entire m olecular ion. On Ti0 2 , the nuclei are so 
closely equivalent suggesting that the ion is adsorbed with its intemuclear axis 
parallel to the plane o f  the surface and perpendicular to the axis o f symmetry o f the 
adsorption site.(32) The observed hyperfine pattern is identical to that expected for the 
‘side-on’ bonded ionic superoxide species.
For ionic O 2" radicals, the ‘side on ’ model is normally used to explain the 
binding mode o f  the anion on the surface (Figure 6.25). This model is supported by 
n O experiments, where the hyperfine coupling arises from the interaction o f  the 
unpaired spin with the 170  nucleus equivalency o f  the two nuclei.(21) For end-on 
adsorption the inequivalent spin distribution in the radical would be easily observed in 
the , 7 0  spectrum.
(a) (b)
SIDE-ON END-ON
ADSORPTION ADSORPTION
Figure 6.25. Schematic illustration of the two possible orientations for the bonding of the 
superoxide anion on the surface of a metal oxide, (a) ‘side on’ mode and (b) 
‘end on’ mode.
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The rotational dynamics o f  the side on model has been studied in depth, 
particularly for 0 2' on titania system s/17,41,42) It has been found that at temperatures 
between 10 and 300 K, the radical will easily rotate about its y axis. Because the 
electron is confined to one o f  the two 71* antibonding orbitals, rotation about the z- 
axis (turning over or tw isting about the z-axis) is very unfavourable. Similarly, 
because the electron is alm ost completely localized in one o f the 71* antibonding 
orbitals (~ 99.9% ) and shared equally between each oxygen atom, then rotation (i.e., 
end on flipping o f  the radical) about the x-axis is always unfavourable.
As the tem perature is increased, local rotation will occur about the y-axis, 
resulting in the x and z g-tensors appearing to average, while the y g-tensor remains
constant as shown in figure 6.26.
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F igure  6.26. Schematic illustration o f the rotation of the adsorbed superoxide radical (0 2) 
about its y-axis.
6.4.4 Stability and surface diffusion o f  O2
As previously m entioned following electron transfer and formation o f 
superoxide, the 0 {  anions are electrostically held together (i.e., Ti4+...O f). However, 
as evidenced in figure 6.5, gentle annealing o f the sample resulted in the lateral 
diffusion and redistribution o f  the anions on the surface as manifested in the number
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and intensity o f  the peaks in the gzz region. Provided the temperature is not too high 
(and the anions are not destroyed), the radicals can migrate across the surface. Upon 
cooling the samples to 100 K the anions become stabilised once more at sites often 
different to those o f  the initial states. I f  the temperature is too high, the mobile 
radicals will interact with each other and the surface with sufficient kinetic energy that 
causes the radicals to  decompose.
As shown in figure 6.5, warming the sample within the lower range o f 
temperatures (i.e., 298 and 313 K) produced a relative distribution o f the gzz 
components with the intensity pattern o f I> n > H I. However, when the sample was 
annealed to higher tem peratures (333 and 353 K) a different distribution o f sites was 
observed with I I > in > I  due to the radicals diffusing across the surface.
The driving force behind the diffusion is the kinetic energy o f the O 2’ anions, 
which overcomes the electrostatic forces betw een the O 2* and Ti4+ cation. When 
preformed on other oxide surfaces the anions tend to migrate from low stability sites 
to those which have a higher stability.(18) In other words although the O 2’ anion is 
restricted to a specific T i4+ cation where the initial electron transfer occurred, a  more 
favourable electrostatic attraction may be found at other coordinated sites. Usually, 
the gzz value would be expected to decrease (due to the lower coordinated site creating 
a stronger electrostatic field). However, this is not the case on P25 whereby the O 2 " 
anions appear to migrate at elevated tem perature from high stability sites (site I at 
2.019) to lower stability sites (sites II = 2.023 and IH  = 2.026).
One tentative explanation for these results is based on the entropy o f the surface 
diffusion process, which dominates over any enthalpy or kinetic considerations. If  
preferential reduction o f  specific surface Ti4+ sites occurs then; electron transfer will 
take place from these specific sites producing localised concentrations o f  0 2 ' anions 
(e.g., at steps, edges). In other words, under these conditions, the resulting O2 ' anions 
will not be randomly distributed across the TiCb surface but instead concentrated on 
localised areas containing the preferentially reduced T i3+ sites. With the provision o f  
sufficient thermal energy the O 2 ' anions will diffuse across the surface, thereby 
maximising the entropy or random isation o f  the radicals, even if  this results in a 
slightly unfavourable enthalpy term resulting from the stabilisation o f  the anion at less 
favoured Ti u  coordination sites.
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6.4.5 Oxygen adsorption at defect sites on thermally reduced HO2
As shown earlier in figure 6 .6 , superoxide anions are formed on TiC>2 
following thermal reduction at different temperatures ranging from 623 K to 873 K. 
For samples reduced at 623 K only a single adsorption site appears to exist for the 0 2 * 
anion, as characterised by a single g^ component at 2.018. As discussed earlier, the 
magnitude of this single g^ component at 2.018 should in principle represent a Ti4+ 
site of lowest coordination creating a high electric field gradient (large A value). Since 
the Ti3+ centres responsible for electron transfer to O2 is generated by thermal 
reduction of the oxide, it suggests that the defectivity created by removal of a surface 
lattice O2* anion occurs preferentially at the lowest coordinated Ti4+ sites on the Ti0 2  
surface. According to Rusu and Yates,(43) upon loss of neutral molecular oxygen 
through annealing in vacuum, the two extra electrons are formally shared between two 
Ti3+ neighbours for each O2* ion removed. For example on the TiC>2 (110) surface both 
bridging and in-plane oxygen exist, but owing to the lower probability of desorption 
of the in-plane oxygens, the bridging oxygens are most likely to be lost producing the 
vacancies shown in the models below;
00] 2-fold
coord nated 0 coordinated Ti
Figure 6.27. Ball-and-stick model of an Anatase Ti0 2 surface. Large white balls represent 
oxygen and small black balls represent titanium atoms.
178
Model to r m olecular 0 2 adsorption at vacancy 
sites on TiO d 11 0 ) at T..,,. < 150 K
A; 
vacuum 
anneal tai 
surface
B:
molecular 
adsorbed on ihc 
vacuum annealed 
surface
side vieu 
(a)
Figure 6.28. Schematic model for the bonding of 0 2 both vacuum-annealed Ti02 (110) 
surface at low temperatures. Model A shows the top view of the Ti02 surface 
with an oxygen vacancy. Model B shows top and side (001 direction) views 
of 0 2 bonding at a vacancy and non-vacancy site.(44,45)
As the reduction temperature is progressively increased, the complexity of the 
gzz region for the O2’ anions also increases, but the new g^ components that appear 
occur at higher g values (2.022 and 2.025). In other words, the defectivity resulting 
from O2* loss at high temperatures occurs at more highly coordinated sites (e.g., 
terraces), which presumably require higher energy for O2' extraction. To some extent, 
this result is not surprising as similar energetic considerations are found on other 
oxides such as MgO,(46) where the energy required to remove an O2' anion from a step 
or comer site is lower compared to a flat terrace site. Nevertheless this result is a nice 
illustration of how EPR can be used to probe the defectivity created by vacuum 
annealing of a TiC>2 powder.
rcducrJ cationsvacancy 5 coordinate 
4+ cation
budging
oxygen
top new
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6.4.6 O' and O3 formation on thermally reduced Rutile
In comparison to the stabilisation of the superoxide anion on P25 Anatase 
surface, during the thermal reduction of Rutile A and subsequent addition of oxygen, 
the formation of ozonide is favoured with no traces of any O2’. The O3* ozonide ion is 
a 19 electron radical and is isoelectronic with AB2- type radicals such as, SO2" and 
N 03" that have been observed on surfaces.(16) In these ions, the energy levels are well 
separated (figure 6.29) and because the surface crystal does not significantly perturb 
them, the g tensor can be used to 4fingerprint’ the species.(47)
2 1  e lec tro n
19 e lectron
3a
BAB
Figure 6.29. Correlation diagram for AB2 radicals with 19 and 21 electrons.(48)
The O3 ion on MgO was first reported by Tench and Lawson(49) with a g tensor 
in agreement with the theoretical arguments. Based on studies of the thermal stability 
of the ion using isotopically labelled gases, Wang and Lunsford(50) demonstrated that 
the three oxygen atoms o f the ion are in different environments as shown in figure 
6.30 below, where Oa is the original lattice O' ion. The ozonide ion is clearly 
distorted so that the ‘lattice’ oxygen Oa retains most of the negative charge. This
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pushes the unpaired spin onto the other two oxygen atoms and mostly onto the 
outermost atom  Oc.
F igure  6.30. Schematic representation o f the ozonide ion on an oxide surface.
The form ation o f  ozonide radicals on Rutile A implies that molecular oxygen 
dissociation must first occur; i.e. O ' anions m ust be generated upon oxygen adsorption 
on the reduced surface, as a precursor to ozonide formation. The likely source o f O' 
anions originates from the dissociation o f  the peroxide anion 0\~  formed in a 
simultaneous or sequential reduction o f  O 2 according to equations 6 . 6  and 6.7. While 
these two equations are highly endotherm ic processes in the gas phase (ca.. 
650kJ/mol),<1;> 18) dissociation o f Ol~ (equation 6 .8 ) is highly exothermic (ca. -  
435kJ/mol) and this may compensate for the formation o f the original peroxide. 
Thermovacuum reduction o f TiC>2 follows the concerted four-electron transfer from 
2 0 2' to adjacent Ti4+ ions. These therm ally generated defective surfaces would 
contain coupled T i3+/ 0  vacancy centres as discussed in the last section, and illustrated 
in the model (figure 6.28) above for a vacuum annealed TiC>2 ( 1 1 0 ) surface where the
•3~bbridging oxygen is ensuing. Oxygen adsorption at the reduced Ti - u  - Ti defects 
could easily occur producing O l~. In this non-stoichiometric state there will be a 
large driving force for O2' formation, so that equations 6 . 6  to 6 . 8  could conceivably 
occur on the Rutile surface. In the presence o f  excess oxygen the surface O' anions 
will react with 0 2 to form O 3 ' (equation 6.9) as commonly observed on other oxide
surfaces.('16,20’22,23)
2Ti3+ + 0 2 ---- > 2Ti4+ + 0 2 (6.6)
(6.7)
(6.8)
T i3+ + 0 2 ---- >Ti4+ + O f
Ol  ------------- > 2 0 '
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0 '+ 0 2  >03' (6.9)
While it is possible for O to form directly via alternative pathways as illustrated 
in equations 6.10 to 6.12 below;
0 2 + e '  ► O + O  (6.10)
0 2 + 2e‘ ---- > 2 0 ' (6.11)
0 2‘ + e‘  ► 2 0 ' (6.12)
all o f these processes are endotherm ic and are not accompanied by a negative 
enthalpy process shown in equation 6.8.
The form ation o f  0 3 ' ions have also been reported on T i0 2 UV-irradiated under 
oxygen.(51,:>2) In this case O ' ions were generated directly by UV irradiation, and O3' 
subsequently by 0 2 adsorption. The UV generated O3' ion was reported as being 
unstable at 300 K, sim ilar to that observed in figure 6.8. Einaga et al.,(9) also studied 
the UV irradiation o f  a P t/T i0 2 sample, and a param agnetic species was observed and 
identified as O3'. The O3' species were not detected before UV irradiation, confirming 
that it was photo form ed on T i0 2. The radical was also found to be unstable and 
readily decom posed at room temperature. W hen the P t/T i0 2 sample was irradiated 
with UV light in the absence o f  0 2, the O3' signal was not observed. Thus indicating 
that 0 2 is essential for the O3' form ation and supports equation 6.9 above.
By com parison to the Rutile A sample, oxygen adsorption on the thermally 
reduced Rutile B sample resulted in the form ation o f  both O ' and 0 2' (i.e., on P25 0 2' 
was exclusively formed, while on Rutile A O3' was predominately formed). It should 
be recalled that w hile the two samples A and B are both Rutile materials, they were 
produced by com pletely different methods (Rutile A via a sol-gel synthesis with a SA 
o f 135 m2g ] while Rutile B is a com m ercial material used as a whitening pigment 
prepared via a sulphate process with a SA o f  97 m2g '1) and therefore can be expected 
to have slightly different m orphological features.
W ithout a detailed surface science analysis o f  this latter material, it is not 
possible to unam biguously explain how and why oxygen adsorption leads specifically 
to O' and 0 2' generation. As discussed above in the mechanism o f  O3' formation, 
surface sites m ust be available on the Rutile material, which are capable o f splitting 
the diatomic oxygen m olecules to form O ' ions (i.e., the vacancy site on the Rutile 
(110) surface where neighbouring reduced T i3+ centres could possibly reduce 0 2 to 
O ). Presumably, these bridging sites do not exist on the Anatase surface, so single
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isolated T i3+ centres w ill only lead to a singly reduced O 2 species (i.e., O 2 ). On Rutile 
B, a mixture o f  these sites must exist, which can create O' and 0 2 ', although it is 
surprising that few 0 3 ' anions are formed suggesting that the O ' anions on this 
material may exist in inaccessible or recessed sites. Further research is clearly 
required to understand these unusual results. Nevertheless these results offer a 
fascinating glimpse into the re-oxidation processes that occur on reduced Ti0 2  
surface, and the process is not as simple as superoxide formation (which is the 
standard first step o f  the reaction for re-oxidation which is widely described in the 
literature).
6.4.7 Photogeneration o f  oxygen radicals on dehydrated HO2 (Anatase and Rutile )
It is well docum ented that upon band gap irradiation o f Ti0 2 , photogenerated 
electrons and holes are produced which are ultimately responsible for the 
photocatalytic redox reactions. W hile the m echanistic details remain uncertain, it is 
clear that the presence o f  oxygen and water is crucial in controlling the reaction 
pathways often via the intermediacy o f  Reactive Oxygen Species (ROS).(53‘55) As 
shown in figures 6.12, 6.14a and 6.15a, following UV irradiation under an excess 
oxygen atmosphere photogenerated trapped holes (O ') are produced. These active 
oxygen species appear to have axial symmetry (cf. chapter 5) and are characterised by 
the spin Hamiltonian param eters shown in table 6 .1 for each Ti0 2  material studied.
Sim ilar resonances have been reported previously in Ti0 2  and were assigned 
to trapped hole states o  .(12,39,56,57) These active oxygen species are short lived, and 
decay quickly in the dark or upon warming the sample to room temperature.(8) 
Results obtained by Howe and Gratzel(12) on hydrated anatase particles in the presence 
o f both light and heavy water concluded that the EPR spectrum of the trapped hole 
was not due to the OH* radical and suggested the following structure TiIV-0*-TiIV- 
OH. Results obtained by M icic et al.}39,56) are consistent with the conclusions o f 
Howe and Gratzel, that the hole adduct is a subsurface oxygen anion radical. Work 
by Micic et al.,(39,56) using experiments with n O doped Ti0 2  helped to determine the 
location o f  the covalently bound O'. Analysis showed that O' is covalently bound to 
Ti atoms with non-equivalent crystal field splittings from the adjacent atoms. This 
confirmed suggested that most likely T iIV-0 -T ilv- 0 # radicals are formed.
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As displayed in figures 6.12, 6.14 and 6.15 following UV irradiation o f the clean 
dehydrated samples under the excess O 2 atmosphere, and subsequent evacuation at 
298 K, the presence o f  the superoxide anion could be easily observed on all three 
surfaces. The long-lived photogenerated 0 2 ' anions were not previously visible under 
the excess pressure o f  oxygen (resulting in line broadening). In each case the 
photogenerated O 2 was stable for several days on the fully dehydrated surfaces. 
Deactivation o f  O 2 ’ via release o f an electron into TiCb was not observed on the 
dehydrated surfaces.(58)
Comparison o f  figures 6.12, 6.14 and 6.15 displays heterogeneity in the g^ 
region o f  the superoxide species, which are stabilised on the TiC>2 surfaces following 
identical preparation methods. The difference in g^  heterogeneity o f  O2" reflects the 
different surface m orphologies (i.e., Anatase vs. Rutile), creating slightly different 
adsorption sites for the anion. Five sites are visible in the P25 Anatase sample (i.e., 
g a ( r )  = 2.017, (I) = 2.019, (IT) = 2.021, (II) = 2.023 and (HI) = 2.026) while only 
two adsorption sites exist for both Rutile samples (i.e., gzz(n) = 2.022 and (HI) = 
2.026 for the Rutile samples).
6.4.8 Photogeneration o f  oxygen radicals on hydrated Ti02 (Anatase and Rutile)
Following the investigation o f the photogenerated oxygen radicals on the fully 
dehydrated TiCb surfaces, the analogous experiments were preformed on the fully
hydrated surfaces in order to study the effects o f  surface hydration on the nature o f the
photogenerated oxygen radicals. W hen fully hydrated P25 was UV irradiated in the 
presence o f  oxygen no evidence was found for any adsorbed O2 '.
In other words, there was no evidence for any radicals existing with the 
lifetime o f  the EPR m easurem ent at low temperatures. By comparison UV irradiation 
o f a partially hydrated P25 anatase sample at 77 K, resulted in the appearance o f an 
intense EPR spectrum. Although the spectrum was dominated by the presence o f  O' 
radicals (with traces o f 0 2* and photogenerated Ti3+ centres), clear evidence was 
available for the presence o f  the hydroperoxy radical (HO 2*). The g^ component o f 
peroxy radicals is always ca. 2.034, and is often used as a fingerprint to identify the 
H 0 2* species.(n,59'61) The radical is likely formed via the reaction with surface 
hydroxyl groups as shown in equation 6.13,
0 2 + H+  > H 02* (6.13)
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since exposure o f  a T i0 2  surface containing pre-adsorbed O 2' to 5 torr o f water vapour
resulted in a 5-fold decrease in O2 ' signal intensity, but no new signals arising from
HO2 * were observed (spectrum  not shown for breviety).
The most striking difference betw een the P25 Anatase and Rutile samples 
however, relates to the stability o f  the radicals. The intensity o f the spectra (figures 
6.18, 6.19 and 6.20) was found to decrease (by a factor o f 5) only after standing at 300 
K for 24 hours. This contrasts significantly with fully hydrated P25 Anatase where no 
photogenerated oxygen-centred radicals were observed following UV. These results 
indicate the inherent differences in the lifetim es o f the radicals on the P25 Anatase 
and Rutile surfaces depending on the extent o f  surface hydration.
In aqueous systems O 2‘ radicals readily interact forming the hydroperoxy 
radicals (according to equation 6.13). Deactivation o f the radical can subsequently 
occur according to the disproportionation reactions;
HO 2* + O 2 + H+  ► H 2O 2 + O 2 , (6.14)
HO 2* + HO 2* ---- > H 2O 2 + O 2 (6.15)
O 2 + O 2 + 2H+ ---- > H 2O 2 + O 2 (6.16)
While it has been reported that 0 2 * deactivation on D O 2 proceeds via first-order 
kinetics, suggesting a reaction with species present in large excess,(58) the presence o f 
the hydroxyl groups on the hydrated surface remove any adsorption sites for O2* 
anions. The O 2* anions are very stable on dehydrated surfaces, and are often stabilised 
on the site o f  initial electron transfer. However, they can be sufficiently mobile on 
fully and partially hydrated surfaces such that reactions (equations 6.14 -  6.16) may 
occur. The reason for the different lifetimes observed on Rutile compared to Anatase, 
is proposed as due to the different morphologies, whereby some surface sites capable 
o f 0 2’ stabilisation rem ain on hydrated Rutile surfaces. This may also explain the 
difference in H (V  abundance on the two surfaces. On P25 Anatase H0 2 # formation 
occurs easily (signified by the g = 2.034 component), indicating a facile interaction 
between 0 2 * and an adsorbed OH group, while on Rutile the levels o f H 0 2* formation 
is far smaller. This indicates preferential adsorption o f the charged anion as 0 2*.
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6.4.9 Addition o f  NO as a surface probe
Sim ilar to the use o f oxygen as a surface probe, investigations using the NO 
molecule as a probe were also completed. The advantage o f employing NO is that the 
molecule can be directly adsorbed on the unperturbed surface.(30) Therefore, low 
coordinated surface Ti4+ sites, responsible for the formation o f O2" following initial 
production o f  the T i3+ cation, can also be probed using NO. The electronic 
configuration o f  NO is that o f  an 11 electron diatomic radical characterised by the 
presence o f  a single unpaired electron in the n antibonding orbitals.(25) The 
interaction between the surface and NO is based on a weak polarisation o f the 
molecule induced by the electric field present at the surface o f the ionic solid in 
correspondence o f  the adsorption site.(62) This adsorption shows a perturbation on the 
NO molecular orbitals causing a splitting o f  the n* orbitals as shown in figure 6.31 
below.
2po* --------------------------------------------
Figure 6.31. The molecular orbital energy diagram for the NO molecule in the surface 
crystal field (A is the energy splitting).
The theoretical principal g values in this case were obtained by Brailsford et 
al. ,(63)who adapted the equations originally derived by Kanzig,(31) a simplified form of 
the equations are as follows,
gzz = gc-2/sin2a (6.17)
g>y =  geCOs2a + (A/E)(l+ cos2a + sin2a) (6.18)
gxx = gecos2a + (A/E)(cos2a - sin2a -1 ) (6.19)
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where, X is the spin orbit coupling constant , E and A are the energy 
differences shown in figure 6.31 while sin2a is defined as X/A and 1 = X/Xo.
The equations show that assuming the z direction as the intemuclear axis and 
the y-axis as the perpendicular to the adsorption site then, g yy>gxx> gzz and an 
important shift from the ge is expected only for the g^  component. At first order the 
gzz term reduces to.
g zz  =  g e  -2X/A ( 2 .2 0 )
As m entioned above, NO adsorption onto an ionic surface causes a weak 
polarisation o f  the adsorbed NO molecule resulting in the splitting in the n* orbitals. 
The m agnitude o f  the local crystal field removes the degeneracy o f the orbitals thus 
determining the shift in the gzz component with respect to the free electron ge value. It 
should be recalled that during O 2’ stabilisation, the magnitude o f the gzz component 
could be used to determ ine the nature o f  the adsorption site however, this did not 
distinguish betw een sites o f  different cationic charge but o f sites o f different co­
ordination environments, the same is true for NO adsorbed on the surface.
A heterogeneity o f  the sites available for NO adsorption on both P25 Anatase 
and Rutile B are observed in figure 6.21, where the gzz region o f the adsorbed 
molecule indicates the adsorption occurring at slightly different Ti4+ sites. Using the 
NO probe m olecule the local co-ordination environments for the Ti4+ sites available in 
both Ti0 2  samples may therefore be indirectly studied, and the differences between 
the sites available reflecting the differences in Ti0 2  materials studied (i.e., Anatase vs. 
Rutile).
The above results (figure 6.22) also indicated that the profile o f the EPR 
spectrum during NO adsorption was pressure dependant. Following adsorption o f  low 
pressures o f  NO (5 Torr) onto the P25 Anatase preferential adsorption o f the NO 
molecule occurred at the lowest co-ordinated Ti4+ sites. These lower co-ordination 
sites (i.e., com ers, steps) provide the strongest Ti4+... .NO attraction for stabilisation at 
the lower pressures, with the most strongest attraction occurring at the highest gzz 
value (1.9602). As the NO pressure is increased adsorption at the higher co-ordinated 
Ti4+ sites now occurs.
W ater is extrem ely important in photocatalytic oxidations, as the OH' ions trap 
holes producing OH* radical ultimately responsible for surface oxidations. Depending 
on the tem perature o f  evacuation, different groups o f OH' ions are released from the
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surface. As shown in figure 6.23, the dehydroxlation o f a hydrated Rutile B sample 
by evacuation at increasing temperatures resulted in the gradual removal o f the OH 
groups from the surface, depending on the local co-ordination environments of the 
Ti4+. The different Ti4+ sites available at increasing temperatures o f evacuation were 
reflected in the adsorption o f  NO onto the surface. Evacuation at the lower 
temperatures causes the removal o f the OH groups to occur from the highest co­
ordinated Ti4+ sites. The OH groups are preferentially from these sites due to the 
weaker interaction with the Ti4+ sites, therefore, requiring lower amounts o f energy to 
remove the OH groups. The availability o f  the higher co-ordinated Ti4+ sites is 
reflected in the low  g ^  value 1.900 for NO adsorption. As the temperature is 
increased and more energy is supplied into the system the OH groups at the lower co­
ordinated Ti4+ sites are removed. The higher g ^  value 1.9503 during NO adsorption 
therefore reflects the availability o f  the lower co-ordinated Ti4+ sites now available 
following dehydroxlation o f the surface.
By varying the experimental conditions, i.e., pressure o f the probe molecule 
added and surface hydration, the cationic sites that are usually available for adsorption 
can be preferentially altered. Therefore with the aid o f  NO as the probe molecule the 
TIO2 surface may be further investigated and the local co-ordination o f the Ti4+ sites 
may be determ ined as shown above.
6.5. Conclusion
As presented here the nature o f the surface paramagnetic oxygen species (i.e., 
O ', 0 2\  O3 ' and H 0 2*) are capable o f being altered depending on the pre-treatment 
conditions and the type o f titania surface used. W ith the aid o f the superoxide and NO 
probes the surface heterogeneity o f the Ti4+ sites in the T i0 2 samples can be 
examined. That is the heterogeneity o f  sites accessible for NO and 0 2" stabilisation 
reflect the adsorption sites where the crystal field o f the molecules and changed as a 
result o f different crystal planes and the local environment o f the sites.
As detailed above, both NO and 0 2‘ m olecules are sensitive to local crystal 
field created by the Ti cations, the g^ region o f both adsorbed molecules reflect the 
different Ti environments n the surface. During the stabilisation o f the 0 2‘ cation on 
the T i0 2 surfaces the lowest g^ value (I = 2.019) represent sites o f lowest co­
ordinated Ti4+ cations where the strongest attraction between Ti4+ ... 0 2‘ is
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experienced. Following adsorption o f  NO onto the Ti0 2  surfaces the highest gzz value 
observed corresponds to the lowest co-ordinated Ti4+ sites, again where the strongest 
interaction occurs.
As dem onstrated in this chapter, the nature o f the surface paramagnetic 
oxygen species can change depending on the pre-treatment conditions and nature o f 
the surface studied. During the therm al reduction o f the Ti0 2  samples a  non- 
stoichiometric defective surface is produced. Addition o f oxygen to the reduced 
surfaces resulted in the production o f  various oxygen radicals i.e., O ', O 2 ' and O 3 '.
Following therm al reduction o f  the P25 Anatase sample the addition o f oxygen 
resulted in the form ation and stabilisation o f  O 2 ' on the surface. A heterogeneity o f 
sites available for stabilisation o f  the anion are observed reflecting the sites o f 
different m orphological orientations o f  the Ti4+ centres. During the gradual thermal 
reduction o f  the P25 sample and subsequent addition o f oxygen the initial removal o f 
lattice oxygen from  the surface is reflected in the increased complexity o f  the 
superoxide on the surface. That is at lower temperatures o f reduction the lattice 
oxygen was removed m ore favourably from sites o f lower co-ordination where the 
interaction is weaker.
A redistribution o f  the 0 2 ' on the TiC>2 surface was favoured during gentle 
annealing o f the sample to tem peratures o f  353 K. The radicals were observed to 
migrate across the surface from the original sites o f  stabilisation I>n>HI to n>in>I. 
The driving force behind the redistribution is attributed to the entropy o f the surface 
diffusion overcom ing the kinetic and enthalpy considerations thus resulting in the 
stabilisation at high co-ordinated Ti4+ sites.
During the therm al reduction o f  both Rutile A and B samples addition o f 
oxygen to the sam ples resulted in a variety o f  oxygen species formed on the surfaces. 
Following the therm al reduction o f  Rutile A and addition o f oxygen the preferential 
formation o f  O3' on the surface occurs, along with traces o f HO2* due to the presence 
o f  surface hydroxyl groups on the D O 2 surface following thermal reduction. The 
presence o f  O3' dem onstrates the strong preference for oxygen dissociation following 
addition to the surface, which leads to the O' formation. By comparison, oxygen 
adsorption on the therm ally reduced Rutile B sample resulted in the formation o f both 
O’ and O 2
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As dem onstrated, during the thermal reduction and subsequent addition o f 
oxygen to the TiC>2 samples an appreciable difference in the nature, stability and 
lifetimes o f  the oxygen species formed have been observed. These differences in 
formation o f  oxygen species on the non-stiochiometric surfaces reflect the 
dependence on surface morphology used (i.e., anatase vs. rutile).
The therm al reduction o f  the TiC>2 surfaces are not ideal representations o f the 
TiC>2 surface used in photocatalysis therefore, in comparison a variety o f  oxygen 
radicals can be generated over dehydrated and hydrated TiC>2 surfaces.
Irradiation o f  the dehydrated TiC>2 sample under an oxygen atmosphere 
resulted in the form ation o f  the thermally unstable trapped hole (O'). Removal o f the 
oxygen from the samples revealed the characteristic signal o f the 0 2‘ anion stabilised 
on each dehydrated Ti0 2  surface. However, a difference in the g^ region o f the O 2 ' 
formed on the dehydrated surface reflects the different surface morphologies (i.e., 
Anatase vs. Rutile), creating slightly different adsorption sites for the anion. Five 
sites are visible in the P25 Anatase sample (i.e., g z z ( I ' )  = 2.017, ( I )  = 2.019, ( I T )  =  
2.021, ( I I )  = 2.023 and ( H I )  = 2.026) while only two adsorption sites exist for both 
Rutile samples (i.e., g z z ( I I )  = 2.022 and (IH ) = 2.026 for the Rutile samples).
In comparison (i.e., dehydrated vs. hydrated), UV irradiation o f hydrated forms 
o f the TiO: surfaces a number o f oxygen species were generated, O' O2 ' and HO2*. 
However, addition o f  various amounts o f water (i.e., partially and fully hydrated) was 
found to block the sites responsible for stabilisation o f the different anions. No 
radicals were stabilised on the fully hydrated P25 Anatase surface however, a trapped 
hole and HO 2* were generated on the partially hydrated form o f the surface but with 
no traces o f  the superoxide stabilised on the surface following evacuation.
During the analogous hydrated experiments preformed on the Rutile samples a 
range o f  oxygen species were once again generated. In addition to the formation o f O' 
and HO 2* following UV irradiation, the subsequent evacuation o f the two hydrated 
forms o f the Rutile samples revealed the presence o f photogenerated CV anions (with 
the exception o f  the fully hydrated Rutile B sample). The stability o f the superoxide 
formed on the hydrated surfaces was found to be far less stable than that formed on 
the dehydrated surfaces, decaying 5 fold over 24 hours at 300K. These differences in 
formation and stability o f the photogenerated radicals on the TiCb surfaces not only
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reflect the differences in the TiC>2 samples studied but the effects o f surface hydration 
(i.e., partially vs. fully hydrated).
The effect o f  surface hydration on the TiCh samples was also examined during 
the addition o f  NO to the surface. It was observed that the addition o f water to the 
Ti0 2  surfaces did not allow  any adsorption o f the NO molecule due to the Ti4+ sites 
normally available for stabilisation now being blocked by the water. However, the 
thermal evacuation o f  the sample followed by NO addition resulted in the adsorption 
o f the m olecule at the higher co-ordinated Ti4+ sites. This was due to selective 
removal o f  the OH groups at the lower temperatures o f  evacuation. It was observed 
that by increasing the tem perature the N O  m olecule was then adsorbed at the lower 
co-ordinated sites. In both cases it was demonstrated how the sites usually available 
for adsorption o f  the O 2’ or NO can be preferentially blocked.
The results presented here have shown the inherent differences in radical 
formation and stability on the Ti0 2  surfaces not only depends on the Anatase vs Rutile 
surface, but also the pre-treatm ent conditions used, i.e., thermal vs. UV irradiation and 
dehydration vs. hydrated effect.
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Chapter 7
Transient Radical Formation on Photo-irradiated T i02 Powders 
7. /  Introduction
Photocatalytic reactions over sem iconductor powders have potential 
applications in the degradation o f  a wide range o f  both gaseous and aqueous 
pollutants ' 13) The widespread use o f  volatile organic compounds (VOCs) in both 
domestic and industrial activity has caused significant environmental problems, such 
as degrading air quality, contam inating groundwater, global warming and 
stratospheric ozone depletion (4) Approximately 50%  o f  the priority pollutants on the 
US Environm ental Protection Agency (EPA) list are composed o f  VOCs.(5)
In recent years the photocatalytic degradation o f  these organic compounds 
over sem iconductors into non-toxic com pounds, such as CO 2 and H 2O, have been the 
subject o f  many studies.(6) One o f  the most active and efficient semiconductors is 
T iO r The use o f  titanium  dioxide for the remediation o f  VOCs has several 
advantages over traditional heterogeneous catalysts. Ti0 2  has the ability to operate at 
ambient tem perature and pressures, the reaction products are usually CO2 and H2O, it 
exhibits high corrosion resistance and it also displays efficient photocatalytic 
conversion rates w hen in contact with both liquid and gas phases. Despite the growing 
interests in the applications o f  T i0 2  for photocatalytic oxidation o f  gas phase organic 
com pounds, m ore research is required in order to gain a complete understanding o f 
the photocatalytic m echanism s involved.
To explore the reaction mechanism o f  VOC decomposition in heterogeneous 
photocatalysis, identification o f  the reaction interm ediates by spectroscopic methods 
is required under reaction conditions Considering the role o f  surface orientation in 
the photochem ical reactivity o f  TiC>2 (as dem onstrated on both thin films(7) and 
polycrystalline m aterials'10), it is also necessary to characterise these intermediates 
directly at the surface, before desorption and subsequent reactivity in the gas phase.
Electron Param agnetic Resonance (EPR) is a powerful technique for exploring 
the photochem ical reactions that occur on the polycrystalline powders under in-situ 
conditions The m ethod has been widely used in the past for the characterisation o f  
surface radical species over T i0 2 (9  ,0) As previously reported in chapters 5 and 6  
many param agnetic species have been identified (i.e., O , O 2 , O 3 , HO 2 and Ti3 ) but 
the direct role and participation o f  some o f  the radicals in the photocatalytic reactions
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rem ains unclear. W hile the spin Hamiltonian param eters o f  these individual oxygen 
species are sufficiently distinct that unambiguous assignm ents can be made. In some 
cases they can be sim ilar to each other, so that in many photocatalytic experiments 
overlapping signals may appear due to the sim ultaneous presence o f  multiple oxygen 
centred radicals. Therefore the spin Ham iltonian param eters should not be the only 
factor considered in the assignm ent o f  surface paramagnetic centre Information 
about the stability, mobility characteristics, sim ulated profile, etc., o f  the radical 
should also be taken into account
Ketones, aldehydes and alcohols have been regarded as the central class o f  
VOCs responsible for air quality since these com pounds comprise the most widely 
used organic solvents.(1114) In the present work the intermediates involved in the 
oxidation o f  these organic m aterials have been studied. During this investigation 
direct evidence is provided for the formation o f  a thermally unstable surface alkyl 
peroxy radical (R O O #) form ed during the low tem perature UV irradiation o f  co­
adsorbed acetone/C >2 over TiC>2 . The use o f  170  labelled O 2 confirms the assignment 
o f  the radical This is the first reported identification o f  such an intermediate in the 
photocatalytic reaction o f  acetone with O 2 over TiC>2
Jenkins and M urphy(,5) investigated the co-adsorption o f  aldehydes and 
oxygen on a thoroughly dehydrated TiC>2 (Rutile) surface under conditions o f  
continuous UV irradiation Using EPR spectroscopy a surface peroxyacyl radical 
( R C O 3 - )  was identified on the rutile surface Therefore, for comparison the ability to 
form and stabilise these peroxyacyl radicals on a dehydrated anatase surface has also 
been exam ined in this study In order to aid in the unambiguous identification o f  the
17peroxyacyl radical, a series o f  experim ents were also preformed using labelled O. 
Finally, evidence will be provided in this chapter for the formation o f  an oxidative 
interm ediate form ed during the low tem perature UV irradiation o f  co-adsorbed 
alcohols and oxygen on a P25 anatase sample
7.2 Experimental
A detailed description o f  the experimental m ethods used in handling o f  the 
Ti( > 2  powders, m anipulation o f  the samples on the vacuum line and operation o f  the 
EPR spectrom eter was thoroughly described in chapter 4 In this section, only the
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specific experimental conditions used in the preparation and study o f the organic and 
oxygen over Ti0 2  will be outlined.
7.2.1 Preparation o f  clean polycrystalline TiC>2
Throughout the work described in this chapter the titanium dioxide samples 
studied were, P25 Anatase (Degussa) with a surface area ca. 49 m2 g 1 and a rutile 
sample hereafter labelled Rutile A with a surface area o f  ca. 135 m2 g '1. This latter 
material was synthesised by hydrolysis o f  an aqueous solution o f  TiCU.(l6) The 
polycrystalline TiC>2 samples (ca. 5 mg) were initially evacuated to a residual pressure 
o f  10^ Torr at 298 K in an EPR quartz cell. The samples were then heated to 393K 
under vacuum  overnight in order to remove any physisorbed water from the surface.
The polycrystalline TiC>2 samples were subsequently slowly heated (over a 5 
hour period) to a tem perature o f  823 K, and held at this temperature for approximately 
1 hour. Oxygen (50 Torr) was added to the sample at 823 K and the samples cooled 
to room tem perature under the excess oxygen atmosphere. This produced a clean 
dehydrated surface free from contaminants or surface hydroxyls. Exposure o f  a 
thermally reduced Ti0 2  surface to O2 at 298K leads to the formation o f  paramagnetic 
surface oxygen radicals (i.e., O', O2 ' or O3' as evidenced in previous chapters). 
However, exposure o f  TK> 2 to O 2 at high temperatures (823K) leads to the formation 
o f  diamagnetic surface O2' lattice anions, as the surface is effectively re-oxidized at 
this high temperature. At no time during this treatment were the samples exposed to 
air, thus ensuring that the surface remained clean.
Throughout this work the vast amount o f  experiments were carried out on 
dehydrated clean surfaces, as described above. However, a small number o f  
investigations were also carried out on partially hydrated surface in these few 
experim ents the partially hydrated samples were prepared as follows. Prior to the co­
adsorption o f  organic : 0 2  mixtures, the vapours from triply distilled water (10 Torr) 
was added to the sample under vacuum at 298 K for a 1 hour period before evacuation 
for a further 30 minutes at 298K. In this way most o f  the weakly bound physisorbed 
w ater is removed but the surface remains heavily hydrated.
7.2.2 Addition o f organic: oxygen mixtures
Following the preparation o f  the clean dehydrated samples, the TiC>2 material 
was then exposed to the probe gases (total pressure o f  10 Torr) at 298 K from a
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vacuum manifold. The organics were all purified by repeated freeze-pump-thaw 
cycles before use, to remove any oxygen. The organic to oxygen ratio was 10:1 in all 
these co-adsorption experiments.
After exposure o f  the TiC>2 samples to the organic : ( > 2  mixture, the EPR sample 
cells were then placed into the EPR spectrometer at low temperature (i.e., 100K, 77K, 
or 10K depending on the experiment) and UV irradiated in-situ for 30 minutes at this 
temperature. A 1000 W Oriel Instruments UV lamp, incorporating a Hg/Xe arc lamp 
(250 nm to 2500 nm), was used for all irradiations in the presence o f  a water filter. 
The UV output below 280 nm accounts for only 4 -  5% o f  the total lamp output.
The high purity O 2 gas was supplied by BOC Ltd. The organics (acetone, 
deuterated acetone, ethanol and benzaldehyde) were o f  analytic grade and were 
supplied by Aldrich Chemicals Ltd. n O-labelled dioxygen gas (63% enrichment) was 
supplied by Icon Services Inc. (New Jersey) and used without further purification.
7.2.3 Measurement o f  EPR spectra
The EPR spectra were recorded on a Bruker ESP 300E series spectrometer 
incorporating an EPR 4102 ST rectangular cavity. All spectra were recorded at X- 
band frequencies, 100 kHz field modulation and 5 mW microwave power. The g 
values were obtained using a Bruker ER035M NM R gaussmeter calibrated using the 
perylene radical cation in concentrated H2 SO4 (g = 2.002569). EPR computer 
simulations were performed using the SIM M S program (QCPE 265).
7.3 Results
7.3.1 Co-adsorbed Acetone:Oxygen
A sample o f  clean fully dehydrated P25 was irradiated at 77 K in the presence 
o f  co-adsorbed acetone:C>2 (10:1 ratio; total pressure = 10 Torr). The resulting EPR 
spectrum recorded at 10K is shown in figure 7.1 along with the associated computer 
simulation. The features at g = 1.989 and g »  1.972 can be easily assigned to Ti3+ 
cations at substitutional and normal lattice sites, respectively (cf. chapter 5). The 
latter broad signal at g »  1.972 is actually a composite signal, with an asymmetric g 
tensor (gj. = 1.972 and gy = 1.960: AH « 21 G) arising from the presence o f  primarily 
bulk Ti3+ centres, as reported previously in chapter 5 and in the literature/9,10, , 5 1 7  ,8)
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Figure 7.1. Experimental and simulated EPR spectrum of dehydrated P25 after UV 
irradiation for 30 minutes at 77 K in the presence of the co-adsorbed 
acetone:(>2 (10 Torr total pressure in a 10:1 ratio). The EPR spectrum was 
recorded at 10 K.
A second new low field ortho rhombic signal with the spin Hamiltonian 
parameters o f gi = 2.0345, g2 = 2.0070 and g3 = 2.0010 is also visible in the spectrum. 
Raising the temperature to 298 K and subsequent re-cooling to 10 K caused the signal 
to disappear, indicating the thermal instability o f the species as shown in figure 7.2. 
The signal could however, be regenerated by subsequent UV illumination at low 
temperature. The observation of the new signal only occurs in an acetone rich 
environment when co-adsorbed with oxygen. The new signal was not produced 
during irradiation o f the sample containing only acetone. Similarly irradiation of the 
sample under an oxygen only atmosphere (or in an oxygen rich mixture) produced the
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trapped hole (O ) followed by the superoxide spectrum, as previously discussed in 
detail in Chapter 6 . These results confirm that the new radical species formed from 
adsorbed acetone/oxygen contains oxygen but does not arise from an O2 ' radical.
10K
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/  V _50 K
100 K
130 K
160 K
190 K
33003275 3325 3350 3375 3400 3425 3450 3475 3500
Magnetic field (Gauss)
Figure 7.2. Variable temperature EPR spectra o f UV irradiated P25 containing co-adsorbed 
acetone:02. The new radical species responsible for the peaks labelled * 
decays at T > 190 K.
The presence of a small superhyperfme structure superimposed on each of the 
three g values can just be resolved in figure 7.1. The computer simulation o f the EPR 
spectrum also assists in the identification o f the superimposed superhyperfme 
structure. The most satisfactory simulation o f the EPR spectrum was found using two 
equivalent I = V2  nuclei (hAi = 3.4 G, HA2 = 1.0 G, HA3 = 2.9 G and ajso = 2.43 G). 
Using three equivalent I = V2 nuclei produced an unsatisfactory fit. This strongly
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suggests the presence o f a -CH 2- fragment weakly interacting with the unpaired 
electron spin in this fully dehydrated material.
Further confirmation for the presence o f  the superhyperfme structure was also 
produced using deuterated acetone (CD 3COCD3), where a pronounced narrowing o f 
the line width was observed as shown in figure 7.3. The ratio o f the magnetic 
moments o f  deuterium to hydrogen is = 0.15 so a smaller pattern from
deuterium is expected, which is often unresolved.
g =  2 .036
1 « 1------------------1------------------1------------------'------------------1------------------------------------ 1----------------- 1----------------- 1
3325 3360 3375 3400 3425 3450
Magnetic field (Gauss)
Figure 7 .3 . Experimental EPR spectrum o f  dehydrated P25 after irradiation for 30 minutes 
at 77 K in the presence o f  the co-adsorbed deuterated acetone and oxygen (total 
pressure 10 Torr, 10:1 ratio). The EPR spectrum was recorded at 10 K.
In order to obtain further details o f  the nature and subsequent identification o f 
the new ortho rhombic signal, experiments were carried out using l70  labelled 0 2. As 
detailed earlier, the T i0 2 sample was activated in the usual manner, and a mixture o f  
CH 3C0 CH 3 :,7 0 2 in a 10:1 ratio (total pressure 10 Torr) was then co-adsorbed onto the 
T i0 2 surface before UV irradiation at 100K. The resulting spectrum is shown in 
figure 7.4.
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Figure 7.4. Experimental EPR spectrum o f  dehydrated P25 after UV irradiation for 30 
minutes at 100 K in the presence o f  co-adsorbed acetone and l70-labelled  
oxygen o f  63% isotopic enrichment (10 Torr total pressure in a 10:1 ratio). 
The EPR spectrum was recorded at 1 OK. The peak marked * is due to one 
transition from traces o f  ,7C>2’
Calculation o f  the relative abundance o f  the isotopmers ( l6 (>2 , ,70 ,60  and 
l7C>2 ) present in the gas mixture can be easily done similar to that described by Cheisa 
et.al.{]9) Therefore, with a 63% enrichment level, the six line hyperfine pattern from 
the I = 5/2 nucleus o f  l70 l6 0 ' is expected to dominate the EPR spectrum, with smaller 
contributions from ,6 C>2 * and l70 2 ‘. As a consequence, the intensity o f  the EPR 
spectrum is now distributed primarily over six lines causing the spectrum to appear 
less intense compared to that o f  the Ti3+ signal as illustrated in figure 7.4.
It should be noted that the peak marked as * in figure 7.4 can be assigned to 
one transition from the l7 C>2 ' anion. This was confirmed by measuring and comparing
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the spectrum o f the 17C>2 ' anion directly on the P25 surface (cf. chapter 6) with that 
shown in figure 7.4.
These n O experiments confirm the presence o f an oxygen atom or molecule in 
the new radical species. As mentioned above, the radical could not be detected in the 
absence o f  oxygen. In order to explore the possibility that surface lattice O2' anions 
may be involved in the formation o f the new radical, additional experiments were also 
performed in which the thermally evacuated sample (i.e., reduced TiCb) was re- 
oxidised under an 17C>2 atmosphere. In this case the re-oxidised TiC>2 should contain 
at least traces o f  lattice 170 2' anions. When the co-adsorption experiment with 
acetone oxygen was repeated, no traces o f any 170  hyperfine could be detected in the 
EPR spectrum. The spectrum obtained was identical to that shown in Figure 7.1.
The formation and stabilisation o f  the new radical was also evidenced on a 
hydrated TiC>2 surface albeit with significantly reduced abundance. Following the 
hydration o f  the P25 anatase surface, a mixture o f CH3C 0CH 3:02 was co-adsorbed on 
to the hydrated surface at 298K before UV irradiation at low temperature for 30mins. 
The resultant spectrum is displayed in Figure 7.5.
g. =  2.037
g3 = 2.004
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3300 3320 3340 3360 3380 3400 3420 3440 3460 3480
Magnetic field (Gauss)
Figure 7 .5 . Experimental EPR spectrum o f  hydrated P25 Anatase following UV irradiation 
for 30 minutes at 77 K, in the presence o f  acetone and oxygen (10:1 ratio, 10 
Torr total pressure). The EPR spectrum was recorded at 100 K.
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Although the reported EPR spectrum (in figure 7.5) displays the new signal, 
the resultant spectrum appears lower in intensity compared to the fully dehydrated 
sample for reasons discussed later. The features at g = 1.993 and g «  1.976 are easily 
assigned to Ti3+ cations as discussed previously.
Along with generation o f  the new reported radical on both the dehydrated and 
hydrated forms o f  P25 anatase, the new radical was also generated on the rutile form 
o f  TiC>2 (i.e., rutile A). The TiC>2 sample was firstly activated using the same 
technique adopted for the P25 anatase samples. Following this pre-treatment a 
mixture o f  acetone and oxygen, (10:1 ratio, total pressure 10 Torr) was co-adsorbed 
onto the surface. The sample was then irradiated at low temperature and the resultant 
EPR spectrum shown is in figure 7.6.
g ,=  2.034
3260 3280324032203200
Magnetic field (Gauss)
Figure 7.6. Experimental EPR spectrum o f  dehydrated Rutile A after UV irradiation for 
30 minutes at 100 K in the presence o f  the co-adsorbed acetone:02 (10 Torr 
total pressure in a 10:1 ratio). The EPR spectrum was recorded at 10 K.
As seen in figure 7.6, following UV irradiation o f the sample at low 
temperature a signal with spin the Hamiltonian parameters gi = 2.034, g2 = 2.011, g3 = 
2.005 is observed. This signal is analogous to that produced under the same
204
conditions on the anatase material. The EPR signal generated on the Rutile A was o f 
a lower intensity than that generated on the anatase surface. A second signal at g = 
2 .0 2 2  can also be identified, and this signal has been attributed to the well-reported gzZ 
component o f  02 ' on the rutile surface (cf. chapter 6). The lack o f  this 0 {  signal in 
figure 7.1 probably relates to the difference in surface morphologies o f the two 
samples (anatase vs. rutile) and therefore stabilisation o f the radicals on the surface 
under the specific conditions adopted in this experimental study.
7.3.2 Co-adsorbed Benzaldehyde: Oxygen
As already mentioned, the co-adsorption o f aldehydes was previously 
investigated by Jenkins and Murphy.(15) The reported work described the formation 
and identification o f the peroxyacyl radical RCO3* over a dehydrated rutile surface 
(i.e., the rutile B sample adapted in previous chapters 5 and 6). Therefore, P25 
anatase was used for the analogous experiments in the study o f  co-adsorption 
bezaldehyde:C>2 .
A clean fully dehydrated P25 anatase sample was prepared using the same 
conditions as mentioned in the previous section. A mixture o f benzaldehyde:C>2 (10:1 
ratio; total pressure 10 Torr) was co-adsorbed onto the surface at 298K. The sample 
was then irradiated at 77 K for a period o f  30 minutes. The resultant EPR spectrum 
was recorded at 10 K and is shown in figure 7.7.
gl =  2.018
= 2.007
------------------------ 1-----------------------------1 I
3300 3350 3400 3450 3500
Magnetic field (Gauss)
Figure 7.7. Experimental EPR spectrum o f  dehydrated P25 anatase after UV irradiation at 
100 K in the presence o f  co-adsorbed benzaldehyde:C>2 (10:1, 10 Torr total 
pressure). The EPR spectrum was recorded at 10 K.
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Similar to previous work,(15) an orthorhombic signal could just be resolved on 
the anatase sample with the spin Hamiltonian parameters of gi = 2.018, g2 = 2.007 and 
g3 = 2.002, suggesting that the peroxyacyl intermediate could be formed on the P25 
sample. In order to obtain additional information on the nature o f the radical formed 
with co-adsorbed benzaldehyde:C>2 experiments were performed using 170 . The TiC>2 
sample was pre-treated as detailed earlier, and a mixture o f benzaldehyde:,7C>2 (10:1 
ratio, total pressure 10 Torr) was then co-adsorbed onto the TiC>2 surface before UV 
irradiation at 77 K. The EPR spectrum was recorded at 10 K and is shown in figure 
7.8.
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Figure 7.8. Experimental EPR spectrum o f  dehydrated P25 after UV irradiation for 30 
minutes at 100 K in the presence o f  co-adsorbed benzaldehyde and l70-labelled  
oxygen o f  63% isotopic enrichment (10 Torr total pressure in a 10: l ratio). The 
EPR spectrum was recorded at I OK.
Unfortunately, the resolution o f the resulting EPR spectrum is significantly 
poorer compared to that reported on the Rutile sample(,5) or that described above for 
acetone:C>2 . Nevertheless, the ,70  labelled experiment clearly indicates that the 
radical can be characterised as a peroxy based species as opposed to the superoxide 
type species. A more detailed discussion o f  this peroxy-based radical will be 
presented later.
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7.3.3 Co-adsorption o f  Alcohols: Oxygen
Following the preparation o f  a clean dehydrated anatase P25 sample a mixture 
o f  alcohol (either methanol, ethanol or propan-2-ol) and oxygen (10:1 ratio, total 
pressure 10 Torr) was co-adsorbed onto the surface at 298 K. The sample was then 
irradiated for ca. 30 minutes at 77 K. The resulting spectrum for co-adsorbed ethanol 
and O2 recorded at 100K is shown in figure 7.9 below.
g3 = 2.001
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Figure 7.9. Experimental EPR spectrum o f  dehydrated P25 after UV irradiation for 30 
minutes at 77 K in the presence o f  the co-adsorbed ethanol:C>2 (10 Torr total 
pressure in a 10:1 ratio). The EPR spectrum was recorded at 100 K.
As seen in the figure 7.9, following UV irradiation o f  co-adsorbed ethanol:02 
over T i0 2, a clear orthorhombic signal with spin Hamiltonian parameters o f gi = 
2.031 g2 = 2.006 g3 = 2.001 can be observed. A second feature at g = 1.99 and g » 
1.96 can also be identified and this has been assigned to the presence photogenerated 
Ti3+ cations. The same set o f  signals was also observed for both methanol and 
propan-2-ol (spectra not shown for brevity) but with less intensity and resolution. 
Warming the sample to 298 K caused the signal to disappear; thus suggesting that a 
transient radical species is formed as an intermediate. The signal produced was not 
particularly intense; this is probably related to the instability o f the intermediate at 
increased temperatures. The broadness o f  the signal produced means that any
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isotopically labelled 1 1 0 2  work would not be possible, as the hyperfine splitting 
arising from the , 7 0 2  gas would not be seen.
7.4 Discussion
The study o f  transient radical formation is very important when determining 
the mechanism o f  photo-oxidation o f  organics over a metal oxide surface. However, 
very few people have studied the formation o f  transient radicals and even fewer have 
characterised the species formed. One such group Gonzalez-Elipe and Che(20) have 
studied and characterised a transient radical on the Ti0 2  surface during the photo­
oxidation o f  ethylene on Ti0 2 .
G onzalez-Elipe and Che(20) reported the observation o f  a radical species with 
gi = 2.035, g2 = 2.008, g3 = 2.001. In order to identify the radical species produced 
they observed changes in the EPR spectra on using C2D4  or 13C2H4  indicating the 
radical species form ed contained hydrogen and carbon. Further work using 170  
enriched oxygen also proved that the same radical species could be obtained, the 
presence o f  lines from  two non-equivalent oxygen nuclei both labelled with 170  
confirmed that alkyl peroxy radicals (ROO*) were being formed.
The proposed m echanism for alkyl peroxy radicals production was based on 
the formation o f  OH* radicals from O H ' surface groups by the capture o f  a 
photogenerated hole while the photogenerated electron is trapped by Ti4+ ions 
(equation 7.1). The reactive OH* radical reacts with the ethylene to form an alkyl 
radical (equation 7.2), which in turn reacts with oxygen to form the observed alkyl 
peroxy radical (equation 7.3).
The successful EPR characterisation o f  several neutral surface peroxyacyl 
species (general form ula RCO 3*) on a Ti0 2  surface has been recently demonstrated at 
Cardiff. With the exception o f  these, no identification o f  any radical transient species 
have not been identified following the photo-oxidation o f  ketones, aldehydes and 
alcohols on TiC>2 surfaces. Therefore, the following discussion will be concerned 
with the characterisation o f  a series o f  peroxy radicals following the co-adsorption 
and UV irradiation o f  acetone, benzaldehyde and ethanol on T i0 2 surfaces.
O H ' + h+ - e' — ► OH* + e (7.1)
(7.2)
(7.3)
OH* +  C2H4 -----► H O -C H 2-C H 2*
h o - c h 2- c h 2# + o 2 — ► h o - c h 2 - c h 2-o o *
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7.4.1 Nature o f  the radical species formed with co-adsorbed Acetone: O2
During the low tem perature UV irradiation o f  co-adsorbed acetone:C>2 mixture 
over a dehydrated P25 anatase sample, a new signal was generated which has been 
previously unreported in the literature. In order to fully identify this new species, 
several different radicals were considered as potential candidates and several 
mechanistic pathways can be discussed.
A number o f  oxygen centred radicals can be formed on the TiC>2 surface, 
including O ’, O 2 ', O 3 ', OH*, HO 2* and ROO* radicals. The g values for the O', 0 2 * and 
0 3 * radicals are well known (as shown in Table 7.1) and can be immediately 
eliminated as possible candidates for the characterisation o f  the new radical species 
shown in figures 7.1 to 7.4. The O 2 '  and O 3’ radicals are very stable at room 
temperature, and persist for several days on the dehydrated Ti0 2  surface. Although O ' 
is unstable in the Ti0 2  lattice, and is irreversibly lost upon warming the sample to 
298K, the predicted g values o f  O ' do not coincide with those observed in the co­
adsorption experiments. In particular, the largest g values observed for O' in P25 is g± 
= 2.026. As previously reported115) it is only possible for this g value to become larger 
than 2.026 if  significant levels o f  cationic impurities are present in the bulk o f  the 
material, causing an increase in the splitting o f  the 71 orbitals o f  the O ' radical (which 
in turn influence the g values). In the present case, the largest g value observed in the 
co-adsorption experim ent was 2.034, thus ruling out the possibility o f  O ' as an 
explanation, since no cationic impurities are found in P25.
While the organic .oxygen ratio may be different in the adsorbed state as 
compared to the gaseous state, perhaps due to differences in the adsorption 
characteristics o f  the two gases on Ti0 2 , nevertheless, it is clear that the organic 
remains in excess on the surface due to the absence o f  any O2 ' signal. In other words, 
in an oxygen rich environm ent, superoxide formation would occur rapidly. The O', 
O2 ' and 0 3 ' radicals have no intrinsic superhyperfme interaction with a proton. It is 
possible for a superhyperfm e interaction to produce a small coupling in the spectrum 
(e.g.,OHSUrr” 0 2' as described by Giamello et a /.,(2l,22) on MgO) but as previously 
stated, the observed l70  hyperfine pattern (see figure 7.4) is not typical o f  l7 0 ', ,7 0 2 \  
or 170 3'.(23)
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Table 7.1. Spin Hamiltonian parameters for a selection of oxygen-centred radicals formed 
on the TiCb surface.
Species gi g2 g3 1/UA||(i)a l/uA||(ii)a Comment Ref
O 2.026 2.026 2.002 9, 23
0 2' 2.025 2.008 2.0016 9,23
O,- 2.17 2.011 2.001 23,24
H a * 2.034 2.008 2.002 Hydrated 23
surface
RCO/ 2.017 2.008 2.003 Coadsorbed 15
aldehyde/C^
ROO* 2.034 2.010 2.001 95 35 Coadsorbed 20
ethylene/02
ROO* 2.0345 2.0070 2.0010 94.5 55.2 Coadsorbed This
acetone/02 work
For com parison purposes, the EPR spectrum o f  170-labelled O2 " was also 
generated {cf. chapter 6 ) producing the well-discussed six and eleven line hyperfine 
patterns o f  ( ,7 0 ,6 0 ) '  and ( 170 170 ) ' respectively. Close analysis o f  the spectrum 
obtained from the co-adsorption o f  acetone: n O (see figure 7.4) shows the presence o f  
two sextets with ,7°A |((i) = 94.5G and ,7°A||(ii) = 55.2G which are both centred on the 
g3 (or gxx) com ponent at 2.0010. The parameters obtained here are different from
17 17those obtained in 0 2 * spectrum  and so are clearly not related to O2 '.
The H 0 2* radical was also generated on a fully hydrated Ti0 2  surface {cf. 
chapter 6 ) for com parison, the large characteristic coupling from the single proton can 
be clearly resolved (figure 7.5). While H 0 2* is also thermally unstable, the g values 
are distinctly different from the new radical intermediate (see Table 7.1) and so can be 
discounted as being responsible for the signal in figures 7.1 to 7.4. Another possible 
candidate is the OH- radical. This radical is an extremely short-lived and very 
reactive interm ediate which cannot be directly observed by EPR on the T i0 2 surface, 
even at low tem peratures (10 K). However, it can be indirectly observed by spin 
trapping experim ents or through analysis o f  the secondary radicals formed by the 
reactions o f  OH*.(25) Nevertheless, the spin Hamiltonian parameters o f bulk(26) OH* 
and OH in irradiated ice(27,28) are well known and are different to those obtained in this 
work.
The final applicant in the assignment o f  the new signal is that o f a surface 
peroxy radical (ROO*). An extensive study o f  the carbon based peroxyl radicals by 
Sevilla et a l f 29) reported that the g values for these species vary only slightly from gi
2 1 0
= 2.035, g2 = 2.008 and g 3 = 2.003; the greatest deviation was found for the crystal 
field sensitive gi component. The stability o f  the radical is highly sensitive to the 
terminal oxygen spin density, according to McCain and Palke(30), and the average g 
values o f  the ROO* radicals depends on the electronic structure o f  the R group. In 
other words, as the nature o f  the R group varies, the stability will change slightly in 
addition to  the observed g values. In this case, the average g value for the new radical 
generated here is 2.014, which is in the range typical o f  alkylperoxy radicals. The 
spin density in the peroxy radical is localized primarily in the pz orbital o f  the two 
oxygens. The term inal oxygen hyperfine coupling ( R 0 170*) is usually labelled A||(i), 
while the inner oxygen hyperfine coupling (R 170 0 * ) is labelled A||(ii). By 
examination o f  figure 7.4 the hyperfine couplings were ascertained as Aj|(i) = 94.5G 
and A||(ii) = 55.2G. Anisotropic hyperfine couplings from spin densities in such pz 
orbitals should follow approxim ate axial symmetry with A|| = (a+2B)pn and Aj. = (a- 
B)pn, where p  is the spin density in the pz orbital. An accurate value for A i could not 
be obtained because o f  the strong overlapping signal from Ti3+, though the value is 
expected to be very small. A good estimate o f  the spin density distribution in the pz 
orbitals can then be obtained from the relation p*{i) = |A||(i)|/154G, 154G = |a+2B| 
using the A (| value only .(31) The terminal spin density value can therefore be estimated 
at 0.61 from this relation, which is expected for a peroxy radical. Stable surface 
methylperoxy and propylperoxy species have also been observed by EPR at 10 K on 
MgO(32) and Bi2 Ch(33) respectively, and terminal oxygen spin densities have been 
measured in the range p* = 0.70 -  0.61. As most o f  the unpaired spin density is 
associated w ith the term inal peroxy oxygen, this accounts for the usual absence o f  any 
strong hyperfine interaction with the protons o f  the R group, although in this case 
small couplings were in fact observed.
As the sum o f  the two An couplings for carbon-based peroxy radicals is nearly 
constant, this suggests that little spin density is delocalised into the R group o f  
ROO*.(3l) The presence o f  a small almost isotropic hyperfine coupling (aiso -  2.43G) 
with two equivalent protons (i.e., two I = lA nuclei) has been revealed using computer 
simulations as shown in figure 7.1. The proton coupling is smaller than that observed 
for HO* (A, = Ai s 0G, a2 = 57G, ais„ = 19G(26)) and H 0 2* (A, = 12G, A2 = 12G, A3 = 
14G aiso = 12G)(341 where the proton is directly attached to the oxygen atoms, rather 
than through a C-O bond. The hyperfine pattern and simulation o f  the EPR spectrum
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was found to  fit best using tw o equivalent I = V2 nuclei as shown in figure 7.1 thus 
suggesting that R is an alkyl species (also confirmed by the average g value o f 
2 oi4(20>). The possibility o f  a -CH- or -C H 3 - fragment attached to the -OO* is 
eliminated due to unsatisfactory fits when using either one or three equivalent I = V2 
nuclei. In other words, the X band EPR spectral evidence supports the assignment o f 
the new radical species as an alkylperoxy species (R-CH 2 OO*).
7.4.2 Mechanistic considerations o f peroxy radicalformation with acetone
A series o f  possible mechanisms into the likely formation steps o f the radical 
have been considered. In the case o f  acetone adsorption, electron transfer from the 
surface to the adsorbed organic molecule can occur which results in the population o f 
the lowest unoccupied tcqo* molecular orbital forming an acetone ketyl radical:(30)
(CH3)2CO + e* ---- ► (CH 3)2 C O - (7.4)
This is unlikely to  occur as the ketyl radical is expected to be a more powerful 
reductant than a surface trapped electron ( (C H ^ C O ^ C H ^ C O H  = - 1.81 vs 
NHE).(36> The resulting acyl (CH 2CO*) and methyl radical (*CH3), occurring from 
ketyl fragm entation could react with oxygen to  form peroxy radicals (CH3C 0 -0 0 *  
and CH 3- 0 0 #) However, the features in figures 7.1 to 7.4 are not consistent with this 
assignment.
It is also possible, that during the course o f  UV irradiation electron transfer 
can also occur to  surface trapped holes O* centers, or Ti3+ producing an adsorbed 
cation radical. This quickly deprotonates by transfer to the surface oxide, 
producing propanone. Both steps are summarised in equation 7.5.
CH 3 COCH 3 + 0  ---- ► CH3 COCH2* + OH" (7 5)
A reaction similar to  this is capable o f  occurring between acetone and the 
hydroxyl radicals.(37) The propanone radical can then react with oxygen forming the 
peroxy radical as shown in equation 7.6.
CH 3 COCH2# + 0 2 ---- ► CH3 COCH 2 0 0 *  (7.6)
2 1 2
Since the rate o f  hole transfer is thought to be much faster than the rate o f 
electron transfer across the interface ( 1 0 0 ns vs several milliseconds, respectively), 
CH 3COCH 2* radicals may be formed on the surface. The addition o f molecular 
oxygen to these radicals would also produce a peroxy radical (CH 3 COCH 2-OO*) and 
because the CO group is not directly attached to  the 0 - 0  group, gi values (gi = 
2.035), which are typical o f  peroxy radicals, may still be seen. It should be noted that, 
the EPR spectrum obtained using 160 2  indicated the presence o f  only two weakly 
interacting protons, as expected for an R-CH 2 -OO* fragment as in CH3C 0C H 2- 0 0 #. 
Thus, the m echanistic considerations strongly support the EPR evidence in identifying 
the radical interm ediate as CE^CO-CI-hOO*.
7.4.3 Nature o f  the radical species formed with co-adsorbed Benzaldehyde :0  2
In a previous study,(15) co-adsorption o f  a range o f aldehydes (including 
formaldehyde, acetaldehyde and bezaldehyde) with oxygen on illuminated TiC>2 
surfaces were reported. Several neutral surface peroxyacyl species (general formula 
RCO3*) were adopted, which are well known oxidative intermediates in the initiated 
gas phase oxidation o f  aldehydes.(38) The generated RCCV radicals are also reported 
to participate in the form ation o f  the respiratory irritant peroxyacyl nitrate, which is 
capable o f  accum ulating to  dangerously high levels in photochemical smogs.(39) 
Indoor sources o f  volatile aldehydes include cigarette smoke and slow release from 
furnishing material s.(40)
The free radical mechanism o f  aldehyde oxidation is well known.(38) It is
initiated by H atom  abstraction via reaction with a valence band hole in TiCV
mediated photocatalysis
RCHO + YC ---- > RCO* (7.7)
RCO* + 0 2 ---- ► R C 0 3* (7.8)
R C (V  ---- ► RCO 3 H + RCO* (7 9)
RCO 3 H + R C H O  ► 2CH 2(CO)OH (7.1 0 )
The above equations, (7.7 -  7.10), represent an idealized reaction scheme in 
which several possible side reactions o f  the R C O 3 * radical are omitted for clarity, e.g., 
dimerization to form an unstable tetraoxide intermediate.(36) Following the initial H* 
abstraction step to  form an acyl-type radical, the oxidation proceeds via the chain 
reaction sequence. The peroxyacyl reactive intermediates are only formed under co-
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adsorption conditions since predosing the reduced surface with aldehyde followed by 
0 2, or vice versa, will not produce the RCO3* species.
The reported g values were gi = 2.017, g2 = 2.008 and g3 = 2.003. Owing to 
the close proximity o f  the electrophilic carbonyl group in these radicals, the spin 
density on the oxygen atom is less than that usually observed for other peroxy 
radicals, thus explaining the low gi value. In this previous work, the intermediate was 
only identified over a dehydrated rutile material (rutile B). Furthermore, no 
experiments were carried out using 170 2 to unambiguously identify the nature o f the 
radical (proposed as RCCV). Therefore, P25 anatase was used for the co-adsorption 
o f benzaldehyde with both 160 2  and ,702 .
In comparison to the previous work by Jenkins and Murphy, an orthorhombic 
signal with g values gi = 2.018, g2 = 2.007, g3 = 2.002, can indeed be identified on the 
anatase sample following UV irradiation (see figure 7.7 and 7.8), suggesting that the 
peroxyacyl intermediate can also be formed on P25. Unfortunately, the resolution o f  
the spectrum is significantly poorer compared to that seen on the rutile sample. 
Nevertheless, the l70 2 labelled experiment (see figure 7.8) clearly indicates that the 
radical can be characterised as a peroxy based species as opposed to a superoxide type 
species (cf. chapter 6).
The hyperfine pattern observed in figure 7.8 is unusual however, since it 
appears that the largest hyperfine tensor is based on the gyy component (as shown in 
figure 7.10a.) as opposed to the gxx component typical o f an alkyl-peroxy radicals 
formed during the UV irradiation o f acetone:02 (figure 7.10b).
(a) (b)
R-COi R O O #
Figure 7.10. Schematic diagram o f  the hyperfine pattern for (a) centred on the gyy 
component and (b) centred on the gxx component
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This observed difference in the electronic structure o f  the -O O - fragment may 
provide more direct evidence for the RCCh* assignment. Further investigation and 
analysis o f  the superhyperfine coupling with other co-adsorbed aldehydes is needed in 
order to fully understand this observation and confirm if the -O O - fragment is 
attached to an acyl species (RO#) as opposed to an alkyl species (R*).
Finally as previously mentioned, the resolution o f  the RCO3* spectra observed 
on anatase (P25) in this work, are significantly less than those previously observed on 
rutile (ex ‘TioveiP). This difference between the spectra may be due to differences in 
surface morphologies, stability/reactivity o f  the intermediates or due to differences in 
impurity levels. In other words, trace levels o f  dopants may have an influence on the 
nature o f  the surface radical.
7.4.4 Nature o f  the radical species formed with co-adsorbed alcohols and oxygen
During the low temperature UV irradiation o f  the co-adsorbed alcohol and 
oxygen on the dehydrated anatase surface, an orthorhombic signal is produced as 
shown in figure 7.9. The same signal was produced when mixtures o f  methanol and 
oxygen or propan-2-ol and oxygen were co-adsorbed onto the dehydrated P25 anatase 
surfaces. The resultant EPR spectra in each case were o f  a much lower intensity and 
so not shown here for brevity. As discussed previously, this newly generated signal 
disappears following gentle annealing to 298 K, suggesting that the produced signal 
must be due to a surface intermediate. The disappearance o f  the signal upon warming 
the sample suggests that a radical species, probably o f  a peroxy type (based on the g 
values gi = 2.031, g2 = 2.008, g3 = 2.001), is formed as an intermediate. For 
electrophillic R groups g values are expected to be around 2.017and for alkyl peroxy 
species, g values tend to be around 2.034. Unfortunately, the signal produced in each 
case, was not particularly intense, unlike that produced previously in the formation o f  
the alkylperoxy radical. The lack o f  signal intensity is likely to be related to the 
instability o f  the intermediate formed. Due to the significant decrease in intensity and 
the broadening o f  the radical signal produced, no further work using isotopically 
labelled ,7C>2 to investigate the signal was undertaken in this area o f  study. The 
observation o f  any hyperfine splitting arising from the n 0 2 gas would be impossible 
due to the increase in the signal broadness.
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However, based on the magnitude o f  the gzz component, the radical can be 
assigned to a peroxy (ROO*) radical. The exact electronic structure o f  the ROO* 
group cannot be ascertained however due to unsuccessful n O experiments.
7.5 Conclusion
As reported here during irradiation o f  co-adsorbed acetone:C>2 mixture, the 
resultant EPR spectra have provided direct evidence for the formation o f a thermally 
unstable surface alkylperoxy radical (ROO*). The use o f  170-labelled dioxygen, 
assisted in the confirm ation o f  the radical intermediate as a peroxy-based radical 
(ROO*). Sim ulations o f  the well resolved EPR spectrum obtained with 1602 indicated 
the presence o f  a -C H 2 - fragment in the R group. On this basis the alkylperoxy 
radical was conform ed as CH 3CO CH 2O O *, generated by hole transfer to adsorbed 
acetone, and this represents the first identification o f  such an intermediate with 
acetone/0 2 . Under the adopted conditions o f  co-adsorbed acetone:02 no ionic 
molecular oxygen radicals (i.e., 02*, O3') are formed. This was confirmed by 
comparing the ,702 EPR spectrum  for both the generated alkylperoxy radical and that 
o f superoxide. The alkylperoxy radical was capable o f  being generated and stabilised 
on both the anatase and rutile surfaces, although with a higher intensity on the anatase 
dehydrated surface. The reason for the difference in radical abundance on each 
surface is not clear, and it may suggest a morphological dependence on the surface 
reactivity and / or stability o f  the radicals.
A previous study by Jenkins and M urphy(15) reported the formation o f  several 
neutral surface peroxyacyl species (RCO3*) on the rutile surface. Results here have 
also shown that this radical can also be formed on an anatase surface. Confirmation
1 *7
o f  the peroxy nature o f  the radical has been confirmed through the O experiments. 
Further analysis o f  the superhyperfine coupling will enable identification that the -  
OO- fragment is attached to an acyl species (RCO*) as opposed to an alkyl species 
(R*). Irradiation o f  co-adsorbed alcohols:02 over the anatase surface generated a 
surface radical intermediate. The generated radical was easily assigned to that o f  a 
peroxy (ROO*) radical based on the component magnitude. However, the exact 
electronic structure o f  the ROO* group could not be determined due to unsuccessful 
,70  experiments.
216
Finally it should be noted that, the utility o f  the co-adsorption method, as 
opposed to pre-adsorption, is demonstrated to be a key experimental feature in 
obtaining a successful model reaction system for photocatalytic oxidation processes, 
since the nature o f  the radical formed depends entirely on how the surface is pre­
treated with reactants. These results also show that transient radical species can 
indeed be observed by EPR over TiC>2 surface, and the experiments demonstrate the 
necessity to characterise the material under in-situ conditions in order to obtain a more 
realistic view ion the nature o f  the radicals involved -  the photo-oxidative process.
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Chapter 8
An EPR investigation into the Photodynamics of bulk and surface 
Ti3+ excitation in TiC>2 under UV illumination
8,1 Introduction
The final section o f  this thesis is concerned with the photodynamics o f  various 
paramagnetic centres in the thermally reduced and photo-irradiated titania samples. 
The response o f  the therm ally produced Ti3+ signal and medium polarised conduction 
electron to UV light may be investigated using in-situ EPR spectroscopy. UV 
irradiation o f  TiC>2 causes excitation o f  the electrons to low lying states within the 
conduction band or just within the conduction band. When the Ti3+ signal is 
irradiated with UV light, the EPR signal intensity decreases due to the formation o f  
the transient TiM+ state, as the electrons are photoexcited to other sites. Providing the 
irradiation does not affect the spectrometer sensitivity (i.e., causing excessive 
photoconductivity), it is possible to measure these changes in the concentrations o f  the 
paramagnetic defects involved, both during and after irradiation/1* The kinetics and 
photodynamics o f  this process can also be followed by EPR at different temperatures. 
In this way, determ ination o f  relative reaction rates and their variation with 
temperature may be studied. Estimates o f  the activation energies associated with 
particular trapping centres may then be obtained from analysis o f  the EPR decay 
curves.
The photo-response o f  the thermally generated electron traps have been 
investigated at several tem peratures in both the Anatase and Rutile samples. This has 
been carried out in order to differentiate between any differences in the mechanism o f 
excitation o f  the electrons from sample to sample which could be caused by the 
difference in surface morphology. In addition to this the photo-response o f  surface 
versus bulk Ti3+ cations will be investigated in each sample in order to ascertain if the 
m echanism o f  photo-excitation in the surface defects is different to that o f  the bulk 
defects. In addition to this a second type o f  photoresponse process 
(Therm olum inesence) will be discussed whereby the addition o f  excess energy to the 
system is required in order to return the signal to its original intensity following UV 
irradiation.
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8,2 Experimental
A detailed account o f  the experimental methods used in the handling o f  the 
powders, manipulation o f  the samples on the vacuum line and operation o f  
spectrometers and UV lamp were thoroughly described in chapter 4. In this section, 
only the specific experim ental conditions used in the preparation and study o f  
paramagnetic centres in TiC>2 will be summarised.
8.2.1 Preparation o f  the polycrystalline T1O2  samples
Throughout the work described in this chapter the titanium dioxide, P25 
Anatase (Degussa) w ith a surface area o f  ca. 49 m2g '! was used, along with a Rutile 
sample hereafter labelled Rutile A with a surface area o f  ca. 135 m2g‘1. This material 
was synthesised by hydrolysis o f  an aqueous solution o f  TiCU.(3) A second rutile 
sample, hereafter labelled Rutile B with a surface area o f  ca. 97 m2g‘* was supplied by 
Huntsman Tioxide. Each Ti( > 2  sample was initially evacuated to a residual pressure 
o f  10^ Torr at 298K in an EPR quartz cell. The samples were then heated to 393K 
under vacuum overnight in order to remove any physisorbed water from the surface 
and then slowly heated under vacuum to a final temperature o f  823 K (over a 5 hour 
period). They were held at this tem perature for approximately 1 hour. Following the 
thermal reduction under vacuum, bulk and surface Ti3+ states (predominately surface) 
were formed in addition to the medium polarised conduction electrons as discussed in 
chapter 5. The photo-response o f  the Ti3+ and the medium polarised electrons, were 
then studied at selected temperatures.
This sample was then subsequently oxidised under oxygen, so that the surface 
Ti3+ centres are exclusively destroyed while the signal due to the bulk centres 
remains. In this way the photoresponse o f  the bulk centres can be studied without 
interference from the surface centres. Note, that while O2 addition to the thermally 
reduced TiC>2 pow der will produce O 2" anions after preferential reaction with surface 
Ti3+ centres, subsequent annealing at 250 K destroys the O2 ' signal but does not affect 
the bulk Ti3+ signal. No new Ti3+ centres are generated during this treatment. 
Therefore, a  ‘clean’ EPR spectrum o f  the bulk Ti3+ can be studied.
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8.2.2 Measuring the photoresponse
Prior to any UV irradiation o f  the sample in situ, accurate field positions o f  the 
Ti3+ centres (for both surface and bulk forms) and medium polarised electrons were 
required. In order to obtain these values accurately, an EPR spectrum was recorded at 
the required tem perature and the field position obtained. Figure 8.1 shows a reduced 
TiC>2 sample (P25 Anatase) and the field positions o f  the Ti3+(surf) and medium 
polarised conduction electron for each.
Field position = 3429G 
for Ti3+ study
Field position = 3368G 
for Pol. Cond. electrons 
study
i— ■— i— >— i— ■— i— >— i— '— i— <— i— «— i— >— i— ■— i
3200 3250 3300 3350 3400 3450 3500 3550 3600 3650
Magnetic Field (Gauss)
Figure 8.1. EPR spectrum of thermally reduced P25 with field positions of both Ti3+ and 
medium polarised conduction electrons
The magnetic field sweep was then set to zero and the centre field set to 
coincide with the maxim um  o f  the peak to be examined. The photo-response o f  the 
peak could then be followed. In order to obtain an accurate baseline for the signal 
under study, the initial response o f  the peak under dark conditions was first recorded. 
This process was carried out for all signals and temperatures, which were studied. 
After obtaining a background signal the peak in question was then periodically 
irradiated for a set time. An example o f  the typical photo-response experienced is 
shown in figure 8.2. All signals were irradiated to a point o f  saturation at which no 
further change o f  signal intensity was observed.
A 1000 W Oriel Instruments UV lamp, incorporating a Hg/Xe arc lamp (250 
nm to 2500 nm), was used for all irradiations in the presence o f  a water filter. The 
UV output below 280 nm accounts for only 4 -  5% o f  the total lamp output.
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Irradiation o f  sam ples at low temperature were preformed in situ in the EPR cavity via 
an optical transm ission window.(2)
Light on Light off Light on Light off
J  i i I
o 500 1000 1500 2000 2500 3000
Time (secs)
Figure8.2. Example of photo-response decay curve obtained during UV irradiation of a Ti3+ 
signal.
8. 2.3 Measurement o f  EPR spectra
The EPR spectra were recorded on a Bruker ESP 300E series spectrometer 
incorporating an EPR 4102 ST rectangular cavity. Variable temperature studies were 
conducted using a Bruker B-VT2000 temperature controller. All spectra were 
recorded at X-band frequencies, 100 kHz field modulation and 10 mW microwave 
power. In addition, the sharp resonance at g = 2.0030 was previously measured 
accurately using an N M R gaussm eter calibrated to the perylene radical cation in 
concentrated H 2 S O 4 , and this was therefore used as an internal marker for the g 
values.
8.3 Results
8.3.1 Photodynamic study o f  thermally reduced P25 Anatase
The polycrystalline P25 Anatase sample (ca. 5mg) was slowly heated under 
vacuum to a final tem perature o f  823 K and held at this temperature for 1 hour 
generating a blue coloured powder indicative o f  Ti3+ production (chapter 5, section 
5.3.1). Prior to any photoresponse study, the EPR spectrum was recorded at the 
necessary tem perature in order to obtain an accurate field positions (at the operating 
frequency o f  the spectrometer) o f  the two resonances at g »  1.97 and g = 2.0030 (i.e., 
surface T i3+ and medium polarised conduction electron). The photoresponse o f the 
two therm ally generated signals were initially studied at 120 K. The signals were
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examined following a 10-minute periodic interval o f  UV irradiation. The resultant 
responses are shown below in figure 8.3.
Light on
(a) ^
Light off
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Time (secs)
Figure 8.3. EPR study of the photo-response of (a) Ti3+, (b) medium polarised conduction 
electron and following periodic UV irradiation at 120 K. Field positions = 3429 
G and 3368 G respectively.
As shown in figure 8.3a, when the signal at g «  1.97 due to surface Ti3+ was 
illuminated at 120 K, the intensity decreased immediately, indicating a decrease in the 
population o f  the centres responsible for the absorption o f  light, i.e., the Ti3+ centres. 
Cessation o f  the illumination resulted in the remediation o f  the signal to its former 
intensity, dem onstrating the reversibility o f  the process. The photo-response o f  the 
signal at g = 2.0030 (i.e., medium polarised conduction electron) was also observed to 
undergo a similar behaviour (figure 8.3b). Upon UV irradiation o f the peak, the 
signal intensity decreased, whilst switching the light o ff caused the signal intensity to 
increase again indicating a reversible process. The profile o f  the photo-response 
curve in both cases is very similar. It should be noted that all signals examined in the
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photo-response studies were UV irradiated to a point o f  saturation in each case (EPR 
spectra have been removed for brevity).
In order to obtain additional information on the behaviour o f  the signals under 
UV irradiation, further studies were completed at different temperatures. The photo­
response curves o f  the surface Ti3+ signal at increasing temperatures are shown in 
figure 8.4.
Light on
I
(a)
Light off Light on Light off
^ ^
^ ------\ 120 K
I--------- '-1----'------1-----'— 1----1----- 1— '-----1---------1-1-----1-----1— 1-----1-----1— I 1— I— 1— I
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
Time (secs)
F igure  8.4. Variable temperature photo-response study of the Ti3+(surf) centres on thermally 
reduced P25. The photodynamic experiments were recorded at (a) 120 K, (b) 
150 K, (c) 180 K and (d) 220 K (Field position of peak = 3429 G).
As the tem perature o f  illumination was increased, the decay curve for the Ti3+ 
centres appears to have a similar profile. However, most importantly the point at 
which the Ti3+ signal was saturated (i.e., no further decay in the signal) was reached 
more quickly. Along with this a decrease in EPR signal resolution was also noted. A
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more detailed discussion about the effect o f  temperature increase will be presented 
later. The corresponding photo-response o f  the medium polarised conduction 
electrons in the P25 anatase sample was also investigated at increasing temperatures; 
the results are presented in figure 8.5 below.
Light on Light off Light on Light off
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F igure  8.5. Variable temperature photo-response study of the localised conduction electron 
signal in P25 following UV irradiation for 10-minute periods. The 
photodynamic experiments were recorded at (a) 120 K, (b) 150 K and (c) 180 
K (Field position = 3368G).
As before, the saturation point for the signal was reached more easily at 
increasing temperature. It should be noted that the EPR signal o f  the reduced sample 
(in dark conditions) decreases at increased temperatures due to naturally spin lattice 
relaxation effects. Therefore, the highest possible temperature permitted to study the 
localised conduction electrons was ~ 180 K; at 220 K for e.g., the signal and therefore 
photo-response was so weak it could not be shown.
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As described in the experimental section (8.2.1), the surface Ti3+ centres could 
be easily destroyed by addition o f  oxygen, leaving the signal due to residual and 
unreacted bulk Ti3+ centres. In this way the photodynamics o f the bulk Ti3+ centres 
could be studied independently from the surface Ti3+ centres. The results are shown 
in figure 8.6. It should be recalled (figure 5.11, chapter 5) that the reduction 
temperature o f  823 K at least 90% o f  the Ti3+ centres visible by EPR are surface 
states. In the preceding section (8.3.1) the minimum 10% contribution o f  bulk Ti3+ 
centres to the photo-response study was disregarded.
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Figure  8.6. EPR study of the photo-response of Ti3+(buik) signal in P25 and following 
periodic UV irradiation at 120 K. Field position = 3444 G
As shown in figure 8.6 illumination o f  the bulk Ti3+ was illumianetd at 120 
K, the signal intensity immediately decreased. Termination o f  the illumination 
resulted in the restoration o f  the signal to its original intensity. Further, photo­
response studies o f  the bulk Ti3+ signal at inceasing temperatures resulted in the same 
profile curves. The photo-response curves o f  the bulk Ti3+ at increasing temperatures 
are shown in figure 8.7.
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F igure  8.7. Variable temperature photo-response study of the bulk Ti3+ in P25 Anatase 
following UV irradiation for 10 minute periods. The photodynamic 
experiments were recorded at (a) 150 K and (b) 180 K (field position = 3444 
G).
As the tem perature o f  UV irradiation was increased, the decay curve for the 
bulk Ti3+ centres have similar profiles. Upon increasing the temperature it must be 
noted that the point at which saturation o f  the signal occurs was achieved more 
rapidly
8.3.2 Photodynamics study o f  thermally reduced Rutile A
A sim ilar photodynamics study was carried out for the surface Ti3+ centres and 
medium polarised conduction electrons in the Rutile A sample. The variable 
tem perature photo-response curves for the surface Ti3+ centres are shown in figure 8.8 
below. Above 150 K, the intensity o f  the native Ti3+ signal began to diminish
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dram atically so that the corresponding signal — to — noise ratio in the photo-response 
curves also increased (figure 8.8c and d).
Light on Light off Light on Light off
120 K
150 K
180 K
220 K
1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0
Time (secs)
Figure 8.8. Variable temperature photoresponse study of the Ti3+ centres in Rutile A 
following UV irradiation. The photodynamic experiments were recorded at (a)
120 K, (b) 150 K, (c) 180 K and (d) 220 K (Field position = 3325 G).
The signal intensity o f  the Ti3+(buik) species decreased at all temperatures 
studied, as expected. In addition, an actual increase in the time required to achieve 
the point o f  saturation o f  the Ti3+ signal was noted when the temperature was 
increased (figure 8.8d). As a general comparison, the time required to achieve the 
point o f  saturation was found to be longer than that required at the same temperature 
for P25 anatase. An example o f  the saturation limit for Ti3+ in Rutile A is shown in
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figure 8.9, where the saturation point is achieved at a much slower rate when 
compared w ith both the Ti3+ surface and bulk centres in P25 Anatase. A more 
detailed analysis o f  the differences in rate o f  saturation for each sample at the various 
tem peratures will be presented later.
Light on
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Figure 8.9. Photoresponse of Ti3+ saturation in Rutile A irradiated and recorded at 120 K.
The corresponding photo-response o f  the medium polarised conduction 
electron species, formed during thermal reduction o f  the Rutile A sample, was also 
studied. At increasing temperatures the resultant photo-response curves are shown in 
figure 8.10.
Similar to the observation in P25 Anatase, increasing the temperature resulted 
in the saturation point being reached more quickly, contrasting that observed for the 
Ti3 (surf) present in Rutile A. The highest temperature o f  study for the localised 
conduction electron was found to be ~ 180 K, this was due to the signal decreasing at 
increased tem peratures therefore, causing the photo-response o f  the signal to become 
progressively weaker.
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F igure 8.10. Variable temperature photo-response study of the localised conduction 
electron in Rutile A following UV irradiation. The photodynamic 
experiments were recorded at (a) 120 K, (b) 150 K and (c) 180K (Field 
Position = 3325 G).
It should be noted that no photo-response study o f  the bulk Ti3+ signal present 
in Rutile A studies was carried due to the addition o f  oxygen at 298 K to the reduced 
sample resulted in the removal o f  all bulk Ti3+ centres.
8.3.3 Photodynamic study o f  thermally reduced Rutile B
The final sample studied in the photodynamic experiments was the Rutile B 
sample. Both surface and bulk Ti3+ centres were investigated. The polycrystalline 
sample was firstly reduced at 823 K and held at this temperature for 1 hour. The 
sample produced contained predominately surface Ti3+ cations along with a second 
resonance attributed to the medium polarised conduction electron. Prior to any photo­
response study o f  either signal the EPR signal was recorded at the required 
tem perature to achieve accurate field positions o f  both resonances, this process was
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followed at each new temperature studied. Figure 8.11 shows the photo-response o f  
the surface Ti3+ species at increasing temperatures under UV illumination.
Light on Light off
(a)
150 K(b)
180 K.£  (c)
220 K
(e)
250 K
(ft 280 K
T --1
2 5 0
— I—  
1 5 0
T --1--
2 0 0
T T --1--
3 0 0
r~
5 0
T --1--
100
T — I—  
3 5 0
Tr
0
T
Time (secs)
Figure 8.11. Variable temperature photo-response study of the Ti3+(surf) centres in thermally 
reduced Rutile B. The photodynamic experiments were recorded at (a) 120 K, 
(b) 150 K, (c) 180 K, (d) 220 K, (e) 250 K and (f) 280K (Field position = 
3317 G).
As shown in figure 8.11, at all temperatures investigated the Ti3+(Suro signal 
intensity decreased instantly when illuminated. When the UV irradiation was 
removed the signal intensity returned to its original state. Similar to the observation 
in Rutile A, the time required for the Ti3+ centre to reach saturation (i.e., no further 
charge in the photo-response curves) was found to increase at increasing 
temperatures. It must be recalled, that the reverse trend was found in P25 Anatase.
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The photo-response curves for the bulk Ti3+ centres in vacuum reduced Rutile A are 
shown in figure 8.12.
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Figure 8.12. Variable temperature photo-response study o f  the Ti3^ ^ )  centres in thermally 
reduced Rutile B. The photodynamic experiments were recorded at (a) 120 K 
and (b) 150 K (Field position = 3332 G).
Following UV irradiation at 120 and 150 K, the bulk Ti3+ intensity decreases 
immediately, eventually to a point o f saturation as expected. However, under dark 
conditions, the photo-response curve did not return to its original intensity as 
previously observed. This unusual behaviour was observed upon subsequent 
irradiation o f  the signal at both temperatures studied. This photo-response study o f 
Ti3+(buik) centres was examined on several occasions and in each case the resultant 
EPR spectra recorded where identical to that in figure 8.12.
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The signal was however restored to its original intensity by annealing the 
sample at increasing temperatures (figure 8.13). This simple experiment demonstrates 
that possibly the photo-excited electron (from the Ti3+ centre) is stabilised at an 
alternative-trapping site, o f  different energy from the Ti3+ species. As the temperature 
increases, the additional thermal energy is sufficient to re-populate the original Ti3+ 
centres by electron transfer from these trapping sites. It should be noted that the 
signal intensity in 8.13 returns to a point, which is higher than the original Ti3+ 
intensity (which cannot be the case, since the overall Ti3+ concentration from the 
starting vacuum reduced sample must be the same). This is most likely due to the 
poor baseline achieved at 180 K compared to 120 K, where an equilibrium was 
established prior to any UV irradiation.
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F igure  8.13. Photo-response of bulk Ti3’ in Rutile B sample, following UV irradiation at 
120K then warming to 150 and 180 K whilst under dark conditions
8.3.4. Determination o f  reaction rates
In order to measure reaction rates, the concentration o f reactants and products 
at given times after the reaction is initiated must be known(3). Therefore the rate o f
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reaction is defined in terms o f  the rate change o f  the concentration o f a designated 
species.
Rate o f  reaction = k [A] [B] (8.1)
The coefficient k, is characteristic to the reaction being studied and is called the rate 
constant which is independent o f  the concentrations and temperature dependant. An 
experim entally determ ined equation o f  this kind is called the rate law; and it provides 
a basis for the classification o f  reactions according to their kinetics. The reactions 
belonging to the same class will have similar kinetic behaviour -  their rates will vary 
with com position in a similar way.
The classification o f  reactions is based on the ‘order’. The order o f a reaction 
with respect to each species is the power to which the concentration o f  the species is 
raised in the rate law. The overall order o f  a reaction is the sum o f  the orders o f all 
the components.
Integrated rate laws
An integrated rate law is an expression that gives the concentration o f  a 
species as a function o f  the time. The use o f  integrated rate laws provide two pieces 
o f  information i) predict the concentration o f  a species at any time following the start 
o f  the reaction, ii) find the rate constant and order o f  reaction. Almost all- 
experim ental w ork in chem ical kinetics deals with integrated rate laws; their great 
advantage being that they are expressed in terms o f  the experimental observable o f  
concentration and time.
First and second order rate laws and half lives
For a first order reaction the integrated rate law is defined as,
ln([A]o/[A]) = kt (8.2)
W here t is tim e (seconds), k the rate constant, [A]0 the initial concentration o f  A at 
tim e t = 0 and [A] is the concentration at a given time. Equation 8.2 above is also 
equivalent to
In [A]= ln[A]0 -  kt (8.3) or
[A] = [A]„e‘kl (8.4)
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A com m on feature o f  all first order reactions is that the concentration o f the reactant 
decays exponentially with time. I f  ln([A]/[A]0) is plotted against t, then a first-order 
reaction will produce a straight line, the slope o f the graph is equal to the k, the rate 
constant.
For a second order reaction the integrated rate law is defined as;
1/[A] = 1/[A]0+ kt (8.5)
For a second-order reaction, a plot o f  1/[A] against t should produce a straight line, 
the slope o f  which is equal to the rate constant k. In a  second order reaction the 
concentration o f  A decreases with time but not as rapidly as first order reactions.
A useful indication o f  the rate o f  a first order chemical reaction is the half-life 
t!/2, o f  a reactant. That is the time it takes for the concentration o f  the species to fall to 
half its initial value and it can be calculated by,
t!/2 = ln2/k (8.6)
where, t!/2 is the ha lf life, k the rate constant for the reaction. For a second order 
chemical reaction the h a lf life t*/2 may be calculated by,
t!/2 = l/k[A ]0 (8.7)
where [A]0 the initial concentration at t = 0. For a first order reaction, the half-life o f  
a reactant is independent o f  its initial concentration. In contrast the half-life for a 
second order reaction does depend on the initial concentration o f  the reactant.
The Arrhenius equation
The rates o f  most reactions increase as the temperature is raised. It has been 
noted that a graph o f  In k against 1/T (where T is the (absolute) temperature), should 
produce a straight line with a slope characteristic o f  the reaction.
In k = In A -  Ea/(RT) (8.8)
This equation is known as the Arrhenius equation where, A is the pre-expontential 
factor (which has the same units as k), Ea the activation energy and R the gas constant 
(8.3145 JK 'niol"1). The Arrhenius equation is often written as,
K = A e'Ea/RT (8.9)
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From the gradient o f the slope the activation energy o f  the reaction may be calculated. 
A reaction with zero activation energy has a rate that is largely independent o f 
temperature.
8.3.5 Kinetics o f  surface and bulk 7z°+photo excitation in P2 5Anatase
As shown in figure 8.4 following UV irradiation o f the Ti3+(surf) for a period 
o f  10 minutes the rate o f  decay alters quite significantly, following an increase in 
temperature. As the tem perature o f  illumination is increased the point at which the 
Ti signal was saturated was reached more quickly. In order to determine the rate at 
which the Ti3+(Surf) signal decays at 120 K the signal was plotted according to first and 
second order rate laws. A plot o f  ln([A]/[A]0) against time (sec) for a first order 
reaction, whilst a plot o f  1/[A] against tim e (sec) for a second order reaction, the 
resultant graphs are shown in figure 8.14, errors have been omitted for clarity.
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F igure 8.14. (a) First order and (b) second order kinetics. Decay curves for the photo­
response of TiJ+ in P25 Anatase at 120 K.
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As evidenced in figure 8.14a, a straight-line graph is obtained when the 
photo-response curve is plotted based on first order kinetics. This indicates that the 
photo-response process follows a first order rate o f  decay at 120 K. When the photo­
response curve was plotted according second order kinetics a non-linear line was 
produced, therefore, confirming the reaction does not undergo a second order decay. 
As shown in figure 8.15a-c the decay o f  the Ti3+(surf) signals at increasing temperatures 
have also been plotted using first order kinetics. According to equation 8.10 below, 
the slope o f  the graphs obtained (figures 8.14a and 8.15) determines the rate constants 
for each tem perature studied. The values obtained are given in table 8.1.
In (MWM])/ = k  (810)
T able  8.1. Calculated rate constants, k, and half-lives for the Ti3+(surf) signal at increasing 
temperatures.
Tem perature / K Rate constant k / (s '1) Half- life / (s)
120 0.00533 ± 0.001 130.1±0.3
150 0.00606 ± 0.002 114.4±0.4
180 0.00676 ± 0.004 102.5±0.6
220 0.00759 ± 0.008 91.3±1.1
The half-life for each tem perature may also be calculated using equation 8.6 
above. The calculated half-lives are shown in table 8.1 above. As seen in table 8.1, 
there is a noticeable decrease in the half-life o f  the signals as the temperature o f  study 
is increased. This is also due to a decrease in the time required for the peak to reach 
saturation at the higher tem perature o f  study. These results coincide as expected with 
those calculated for the rate constant at corresponding temperatures o f study.
To determ ine the activation energy for the photo-response o f the Ti3+(SUrf) centre, 
a plot o f  In k against 1/T (where T is the absolute temperature) has been made. The 
resultant graph is shown in figure 8.16 giving an activation energy o f  Ea = 0.77 ± 
0 .03kJm ofl
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Figure  8.15. Photo-response of TiJ+(Suri) in P25 Anatase obeying first order kinetics studied 
at (a) 150 K, (b) 180 K and (c) 220 K.
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Figure 8.16. An A rrhen ius p lo t o f  In k against 1/T for Ti3+(surf) in P25 Anatase.
The k ine tics fo r photo-in itiated  excitation o f  the bulk Ti3+ centres in P25 w ere 
also exam ined. A s described  above, the  decay curves for the bulk signals at different 
tem peratures w ere  p lo tted  according to  a first and second order rate law. H ow ever the 
data w as found to  fit the  first o rder rate law  (sim ilar to the surface centres); the 
resulting first o rder p lo ts are  show n in figure 8.17a-c. The rate constants determ ined 
from  each graph  are tabulated  in table 8.2. Once again, the rate constant (and ha lf 
life) w as found to  increase at the higher tem peratures, although the absolute values for 
k and t lA are d ifferen t fo r the bulk  centres com pared to  the surface Ti3+ centres. The 
activation energy  o f  the pho to  excitation o f  the bulk Ti3+ centres was also calculated 
and the  resu lts are g iven in figure 8.18 w ith  a value o f  1.31 ±  O.OQkJmol1.
Table 8.2. Calculated rate constants, k, and half-lives for the Ti3+(buik) signal in P25 
Anatase at increasing temperatures.
T em perature K R ate constant k (s’1) H a lf life (s)
120 0.00320 ± 0 .0 0 3 216.6 ±  2.1
150 0.00409 ±  0.007 169.4 ± 2 .8
180 0 .0 0 4 9 6 + 0 .0 1 1 139.7 ± 3 .2
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Figure 8.17. Photo-response of Ti (bulk) in P25 Anatase obeying first order kinetics studied 
at (a) 120 K, (b) 150 K and (c) 180 K.
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Figure 8.18. An A rrhenius p lo t o f  In k against 1/T for Ti3+(buik) in P25 Anatase.
As show n above bo th  Ti3+ signals (surface and bulk) undergo a loss in signal 
intensity fo llow ing U V  irradiation at various tem peratures. The decay in signal 
intensities w ere bo th  found to  follow  first o rder kinetics. A com parison o f  the rate 
constants, obtained fo r each form  o f  T i3+ reveals that the signal undergoes a  m uch 
m ore rapid decay at the surface than in the bulk form  o f  the Ti3+ centre. The 
calculated half-lives fo r each T i3+ form  also confirm s this as the ha lf life for the  Ti3+ 
to  decay occurs at a m uch quicker rate  than in the bulk o f  the sample. The activation 
energy required  fo r each signal at increasing tem peratures shows that a higher am ount 
o f  energy is required  for the  photo-response o f  Ti (bulk) (i.e., 1.31 ±  0 .03kJm of ) 
centres to  undergo  any alteration in signal intensity, w hereas the T i3+(surf) requires a lot 
less energy alm ost h a lf  (i.e., 0.77 ± 0.09 k Jm o f1). The differences in the rate o f  decay 
for the tw o signals reflect the differences in the  bulk and surface Ti3+ centres. That is 
a lesser am ount o f  tim e is required as the surface Ti3+ centres are in excess i.e., during 
therm al reduction  80%  o f  the generated  Ti3+ centres are surface forms, therefore 
low ering the activation energy required for the reaction.
8.3.6 Kinetics o f  medium polarised conduction electrons photo excitation in P25
Studies by Serw icka et a /.,(4) w ere concerned w ith the photo-response o f  both 
the T i3" centres and m edium  polarised conduction electron. Therefore, in order to 
com plete  the study o f  P25 A natase the rate  o f decay o f  the medium polarised
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conduction  electron  w as calculated at increasing tem peratures along w ith the half-life 
and activation  energy o f  the process.
A s observed here and by Serw icka et al.}^  w hen the signal at g = 2.003 was 
irrad iated  at low  tem peratures the signal intensity decayed. In order to determ ine the 
rate o f  decay  for the signal at 120 K  first and second order graphs were p lotted  as in 
the above cases. The decay curve w as found to  fit the first order rate law (sim ilar to 
surface and bulk  T i3+ centres in P25). The resultant first order plots for all 
tem peratu res exam ined  are show n in figure 8.19.
The gradien t o f  each first o rder plot is equal to the rate constant at the 
corresponding  tem peratu re  o f  study. The rate constant at each tem perature studied is 
show n in tab le  8.3. S im ilar to  the Ti3+ centres (surface and bulk) in P25 the rate 
constants w ere found to  increase upon tem perature increase.
The half-life  for each  tem perature m ay also be calculated using equation 8.6 the 
results are show n in tab le  8.3. A  noticeable decrease in the half-life o f  the signals 
occurs as the tem peratu re o f  study is increased. This is also due to a decrease in the 
time required  for the peak  to  reach  saturation at the higher tem peratures o f  study. 
These resu lts co incide w ith  those calculated  for the rate constant where an increase at 
corresponding tem peratu res o f  study is observed.
To determ ine the activation  energy for the photo-response o f  the Ti3+(SUro centre, 
a p lo t o f  In k against 1/T (w here T  is the absolute tem perature) has been made. The 
resultant graph is show n in figure 8.20 giving an  activation energy o f  Ea = 0.20516 ±
0 .09 k Jm o l'1.
Table 8.3. Calculated rate constants, k, and half-lives for the medium polarised conduction 
electrons signal in P25 Anatase at increasing temperatures.
T em perature  / K R ate constants k / (s*1) H alf life / (s)
120 0.0074 ± 0.002 93.6 ± 0.3
150 0.00777 ± 0.004 89.2 ± 0.5
180 0.00792 ± 0.009 87.5 ± 1
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Figure 8.19. Photo-response of medium polarised conduction electron in P25 Anatase 
obeying first order kinetics studied at (a) 120 K, (b) 150 K and (c) 180 K.
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F ig u re  8.20. An Arrenhius plot of In k against 1/T for the medium polarised conduction 
electrons in P25 Anatase.
8.3.7 Kinetics o f  Tis+ photo excitation in Rutile A
The second TiC>2 sam ple exam ined w as R utile A. As outlined above the  TiC>2 
sam ples w ere  therm ally  reduced and the photo-response o f  the therm ally generated 
Ti3+ signal at various tem peratu res w ere exam ined. As shown in figures 8.8 and 8.9 
fo llow ing U V  irradiation o f  the Ti3T(Surf) for a period o f  10 m inutes the rate at w hich 
the signal decayed  altered, fo llow ing an increase in tem perature. As the tem perature 
o f  illum ination  is increased the point at w hich the Ti3+ signal was saturated was 
reached m ore slow ly th an  at low er tem peratures. In order to  determ ine the rate at 
w hich the  T i3"(SUrf) signal decays at 120 K the signal w as plotted according to  first and 
second o rder rate  laws. S im ilar to the P25 A natase sample the photo-response curve 
o f  the Ti3+ signal at 120 K  in R utile A  w as found to  fit the first order rate law as 
show n in figure 8.21. The corresponding first order plots at increasing tem peratures 
are show n in figure 8.22.
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F ig u re  8.21. First order decay curve for the photoresponse of Ti3+ in Rutile A at 120 K
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Figure 8.22. Photo-response of Ti3+ in Rutile A obeying first order kinetics studied at (a) 
150 K and (b) 180 K.
The grad ien t o f  each first o rder plot is equal to  the rate constant at the 
corresponding  tem peratu re  o f  study. The rate  constants determ ined from each graph 
at the  increased tem pera tu re  o f  study are  tabulated in table 8 .4.
Table 8.4. Calculated rate constants, k, and half-lives for the Ti3+ in Rutile A at increasing 
temperatures.
T em perature  / K R ate constants /  ( s '1) H a lf life / (s)
120 0.00533 ± 0 .001 130.0 ± 1.3
150 0.00468 ±  0.0025 148 0 ± 2 .8
180 0.00306 ± 0 .0 0 4 223.6 ± 4 .6
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Figure 8.23. (a) First order and (b) second order kinetics. Decay curves for the photo­
response of medium polarised conduction electrons in Rutile A at 120 K.
The data  w as found to  fit the first o rder rate law, the resulting first o rder plots 
are show n in figure 8.24. The rate constants w ere found to  increase as the 
tem peratu re  w as increased as the calculated h a lf  life decreased (shown in table 8.5). 
The activation  energy o f  photo  excitation w as calculated and the results given in 
figure 8.25 w ith a value o f  E a = 0.015 ± 0.002 kJm ol'1.
Table 8.5. Calculated rate constants, k, and half-lives for the medium polarised conduction 
electron in Rutile A at increasing temperatures.
T em perature /  (K) R ate constant /  (s’1) H alf life / (s)
120 0.00643 ± 0 .0001 107.8 ±  1.6
150 0.00718 ± 0 .0 0 0 2 96.3 ± 2 .4
180 0.00912 ± 0 .0 0 0 4 76.2 ± 3 .4
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F ig u re  8.24. Photo-response of medium polarised conduction electron in Rutile A 
obeying first order kinetics studied at (a) 150 K and (b) 180 K.
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8.3 .9 Kinetics o f TiJ+(Surf) photo excitation in Rutile B
The kinetics for the photo-initiated excitation o f  the surface Ti3+ centres in 
R utile  A w ere also calculated. The decay curves for the surface signals at 120 K  w ere 
p lo tted  according  to  first and second order rate laws. Graphs o f  the ln([A ]/[A ]o) 
against tim e and 1/[A] against tim e w ere plotted first and second order reactions 
respectively. T he resultant graphs are show n in figure 8.26.
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Figure 8.26. (a) First order kinetics and (b) second order kinetics decay curves for the photo­
response of Ti3+(surf) in Rutile A at 120 K.
The data  w as found to  fit the first o rder rate law. A selection (for brevity) o f  
the  resu lting  first o rder plots (150, 220 and 280 K) are shown in figure 8.27. 
H ow ever, tab le 8.6 show s the rate constants determ ined from all tem peratures studied.
S im ilar to  the T i3t signals in Rutile A, the rate constants w ere also shown to 
decrease  at the  higher tem peratures studied. Exam ination o f  figure 8.11, showed that 
upon  increasing  the  tem perature an increase in the tim e required for the signal to
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reach  its saturation lim it, th is w as reflected  in the rate constants. The calculated half- 
lives are also show n in table 8.6. There is a  noticeable increase in the half-live o f  the 
signals as the tem perature w as increased as expected. This is due to  an increase in the 
tim e required  for the T i3+ signal to reach saturation (i.e., no further decay in the 
signal). These resu lts coincide w ith  the ra te  constants at corresponding tem peratures.
It should also be noted how ever; that the overall tim e required in reaching 
saturation o f  all T i3+(Surf) signals in Rutile B w as significantly low er than that required 
for Rutile A.
Table 8.6. Calculated rate constants, k, and half-lives for the Ti3+(surf) in Rutile B at increasing 
temperatures.
T em perature / K R ate constant / ( s '1) H alf -  life / (s)
120 0.0696 ± 0 .0 0 1 10 ± 0 .1
150 0.0509 ±  0.002 13.6 ± 0 .6
180 0.0463 ±  0.0025 15 ± 0 .8
220 0.0401 ± 0 .0 0 3 17.2 ± 1 .5
250 0.0273 ± 0.004 25.4 ± 3 .3
280 0.024 ±  0.006 28.9 ±  5.2
Identical to  the R utile A  sam ple no activation energy, Ea, for the photo 
excitation o f  Ti3+ cen tres in R utile B was unable to be calculated due to the decrease 
the rate constants as the  tem perature is increased.
The corresponding  kinetics o f  the photo  initiated excitation o f  the bulk T i3+ 
centres in R utile B w ere not calculated due to the unusual behaviour experienced 
follow ing rem oval o f  the UV illum ination (i.e., the signal was not restored to its 
o rig inal value). This unusual behaviour previously not seen in the other TiCb sam ples 
is thought to occur due to the im purity o f  the Rutile B sample. The presence o f  
im purities provides m ore traps in the m aterial allow ing preferred stabilisation o f  the 
photo  excited electrons and therefore, do not allow  the original intensity o f  the signal 
to be achieved in the dark. The use o f  therm al treatm ent restores the signal to its 
o rig inal intensity. A  detailed m echanism  o f  the process occurring will be presented 
later.
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Figure 8.27. Photo-rcsponsc of Ti3+(surQ in Rutile A obeying first order kinetics studied at 
(a) 180 K, (b) 220 K and (c) 280 K.
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8.4 Discussion
A s presented in the above data, the photo-response o f  the signals due to  Ti3+ 
(both  surface and bulk) and the m edium  polarised conduction electron signals undergo 
an exponential decay in intensity w hen U V  irradiated. The rate at which these signals 
decay is d ifferen t for each sam ple and different at various tem peratures.
Serw icka et a / .,(4) also studied the photo-response behaviour o f  both T i3+ and 
m edium  polarised  conduction electrons in a R utile  sample. They reported that when 
the signal at g  = 2.003 (m edium  polarised conduction electron) was U V  irradiated at 
120 K the  signal in tensity  decreased, w hich they suggested w as due a decrease in 
concentration o f  the  centres responsible for the absorption o f  UV. Rem oval o f  the 
illum ination allow ed the signal to  be restored  to  its original intensity. It w as also 
noted that the photo-response signal due to  Ti3+ centres undergoes the same photo- 
response w hen U V  irradiated.
T he decrease  in Ti3+ signals occurs by absorption o f  light, this causes 
electrons to  be  excited  to  the low -lying states ju s t below  the conduction band. An 
increase in the transien t form ation o f  T iS4+, occurs as the electrons are excited to  the 
states and therefore reduces the intensity  o f  the Ti3+ signal. In  another study the 
photo-response o f  the  T i3+ signal w as observed to  undergo the same loss in signal 
intensity fo llow ing  U V  irrad ia tio n /7* This observed variation in signal intensity, 
during the reported  photo-response study, w as com pared to  the photoconductance o f  
the corresponding  signal by Scalafini and H errm ann.(8) The photo-response o f  the 
Ti3 signal w as no ted  to  behave inversely proportional to  the photoconductance 
response(8) i.e., in terrupting  the irradiation causes the Ti3+ centres concentration to  
increase, as w itnessed  here.
8.4. J Photodynamics o f  Ti3+ in anatase versus rutile
A s detailed  above, follow ing illum ination o f  the therm ally generated Ti3+ 
signals present in T i0 2 a decrease in signal intensity occurs, as the electrons are 
photo-excited  to  o ther transient states. Cessation o f  the illum ination caused the Ti3+ 
signal intensity  to  return to  its original value (w ith the exception o f  the rutile B 
sam ple; d iscussed later). The rate o f  signal decay was found to  be tem perature 
dependen t but also surprisingly sam ple dependant. In other w ords the photodynam ic 
behav iour o f  the surface T i3+ centres w as not only different on anatase versus rutile,
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but it also show ed an inverse behaviour in the tw o different materials. N evertheless, in 
all o f  the photo-response studies presented here, the rate o f  signal decay follow ed first 
o rder rate behaviour.
T he first o rder rate dependency o f  the photo-response process is essentially as 
expected , as the rate  w ill be dependent on the concentration o f  Ti3+ centres present. 
H ow ever, the  observed d ifference in the rates o f  T i3+ excitation in anatase versus 
rutile is m ore d ifficu lt to  explain, a ten tative proposal for the differences is related  to 
the different level o f  defects and im purities in both  materials.
It should be recalled  that, during the photo-response o f  the Ti3+ centres a 
decrease in signal in tensity  is observed due to  a  decrease in the population o f  the 
centres responsib le  for light adsorption (i.e., the T i3+ centres). U pon UV illum ination 
the electrons p resen t in the T i3+ states, o f  all TiC>2 samples, are only excited to  low 
lying states positioned  ju s t below  the conduction band, resulting in the decay o f  signal 
the T i3+intensity  in favour o f  the T i84+ species formed. U pon rem oval o f  the  UV 
illum ination the T i3+ cen tres are reform ed as the electrons return to their original Ti3+ 
“ground sta te” . H ow ever, during  the photo-response study o f  the P25 A natase sample 
the rate o f  signal decay o f  the T i3+ signal (bo th  surface and bulk) w as observed to 
increase upon  increasing  the tem perature. One possible suggestion for this increase in 
signal decay  is, the presence o f  o ther trapping sites w ith energies close to those o f  the 
Ti3^  cen tres, creating a  com petition  for electron trapping at higher tem peratures. In 
o ther w ords, at low  tem peratu res, the form ation o f  the Ti3+ centre is favoured after the 
photoexcita tion  process, even  though  the closely spaced levels o f  the neighbouring 
defects are available. A s the tem perature increases the rate o f  trapping at both Ti3+ 
states and the defect states increases, so that a com petition occurs at the higher 
tem peratures. The e lectron  is therefore tem porally  trapped at another defect / 
im purity  site. A t low er tem peratures the electron escapes from  this trap  state to reform  
the T i3+ centre, w hile at higher tem peratures there is a com petition betw een the 
reform ation  o f  the T i3+ centres and the trapping at another m ore stable site. The 
com petition  betw een the tw o sites results in an  overall decrease in Ti reform ation at 
h igher tem peratu res thus causing an increase in the observed rate constants for the 
anatase sam ples. It should be noted, that the P25 sample studied here is not a pure 
form  o f  anatase. O n the contary, it contains approxim ately 80% anatase, while the 
rem ain ing  20%  contains m icrodom ains o f  rutile.(9) It is know n that mixed phases o f
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TiC>2 are m ore photoactive than  either single (anatase or rutile) phases, so the unusal 
photoresponse behaviour for P25 may be due to these m ixed phases, as opposed to an 
inherent pecularity  o f  anatase.
A s m entioned above, the photo-response dynam ics o f  the Ti3+ centres in Rutile 
A and T i3+(Surf) cen tres in Rutile B follow ed the opposite trend in rate constant (ie., the 
rate  constant decreases at increasing tem perature for rutile, while it increases at 
increasing tem peratu res for anatase P25). In other w ords it takes longer for the Ti3+ 
signal to  decay in the ru tile  m aterial at higher tem peratures. A  possible hypothesis for 
this trend is based on  the ground that an electron is photo-excited from  a surface Ti3+ 
centre. The e lectron  is tem porally  trapped  at a  series o f  low  lying states just below  the 
conduction band and the rate  o f  escape from  this trap state back to reform  the T i3+ 
centres increases w ith  increasing tem perature. In other words, at the higher 
tem peratures, it is thought, that the electrons are returning to the Ti3+ states more 
quickly, re -popula ting  the  T i3+ levels, and therefore it becom es m ore difficult (i.e., it 
takes longer) to  saturate the T i3+ signal. A t low  tem peratures, the photoexcited 
electrons, rem ain  in the v irtual states for longer, and therefore the Ti3+ states are not 
re-populated. This is a possib le  explanation as to  w hy the rate o f  Ti3+ decay is faster at 
the low er tem peratures.
The trends observed  for the surface T i3+ states in rutile B follow  the same trends 
as d iscussed above for the rutile A  sam ple. H ow ever, for the bulk T i3+ states in  rutile 
B the signals d id  not re tu rn  to  their original intensity even after the UV illum ination 
w as ceased. A s in all o ther cases the  T i3+(buik) signals are illum inated causing photo 
excitation o f  the electrons to  various trapping states (i.e., low  lying trapping states, 
defects/im purities) in  the TiC>2 sam ple. R em oval o f  the UV illum ination allow s some 
electrons to escape from  the traps to  reform  the Ti3+ centre. However, during this 
study a large am ount o f  the electrons are trapped at defect/im purity sites, these 
electrons have restric ted  m ovem ent and so cannot return to  their original position due 
to the fluctuation o f  electrons at one tem perature. Therefore, only a small am ount o f  
the T i3+ cen tres are reform ed as they have enough energy to  escape the trapping sites. 
It w as how ever, show n in figure 8.13 that increasing the tem perature slowly after UV 
irrad iation  caused the signal intensity to  increase to  the respective saturation points at 
each  tem perature. By increasing the tem perature slowly electrons, which are trapped 
at the im purity /defect sites are provided w ith  extra energy to overcom e the trapping 
effects experienced at these sites. The trapped electrons are then able to escape these
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im purity /defect traps and return  to  their original T i3+ site thus regenerating the  signal 
intensity.
The process by w hich the original T i3+(bUik) signal intensity is achieved is 
know n as th erm o lum inescence /10) Lum inescence describes the process o f  em ission o f  
optical rad ia tion  from  a  m aterial. Lum inescence em braces m any sim ilar but specific 
effects, each o f  w hich  can be described by the addition o f  a  prefix to the term  
lum inescence, therm o lum inescence is an  exam ple o f  this. Therm o lum inescence is a 
particu lar form  o f  lum inescence related  not to the m eans o f  excitation but to the tim e 
scale over w hich  em ission  takes place. In th is case the em ission is the retu rn  o f  the 
trapped electrons to  the  conduction band and eventually to  the original T i3+ site. A s 
m entioned th roughou t th is section w hen the signal in question is LTV irradiated a 
transfer o f  energy  to  the electron  occurs and their displacem ent to a higher energy 
state nam ely the  conduction  band is reflected  in the loss o f  signal intensity. The 
presence o f  an  e lec tron  trap  (supplied by the im purities in the sample) causes the 
return  o f  the e lectrons to  the original state to be delayed w hen under dark conditions 
at a constant tem perature. The low -lying traps are representative o f  shallow electron 
traps and electrons return ing  from  these sites require energy. The electrons are 
forbidden to  retu rn  to  their o rig inal position  directly  from  their trapped state. By 
increasing the tem peratu re, the probability  o f  the electron returning to its original state 
is increased and therefore accelerates the rate o f  increase in signal intensity; this 
process is know n as therm o lum inescence and occurs readily in the photo-response o f  
T i3+(buik) centres in the R utile B sample.
H ow ever, in support o f  the discussion above further evidence is required to  
thoroughly  understand  the fundam ental processes occurring during UV irradiation o f  
these defect sites in the  TiC>2 m aterial studied. To obtain a m ore accurate perceptive 
o f  the actual processes w hich are occurring during UV  irradiation w ork on  single 
crystals is essential in this area o f  study.
8.5 Conclusion
D uring the study o f  the photo-response o f  the therm ally generated 
param agnetic  centres on TiC>2 , a  com m on decrease in signal intensity was observed 
w ith  only  a  slight variation in the trends depending on the sample. The decrease in 
E P R  signal intensity  for the Ti3+ states w as due to the trapped electrons being excited 
to low -lying states present ju st below  the conduction band edge. A ltering the
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tem perature o f  study for each signal caused a change in the signal intensities along 
w ith  a  difference in the tim e required to  achieve ‘saturation’ o f  the respective signals. 
A s show n in the above discussion, the photo-response signals w ere found to  decay 
according to first order kinetics.
D uring the photo-response study o f  P25 A natase, an increase in the rate o f  
T i3+ signal decay  w as observed at increasing tem peratures. Sim ilar photo-response 
decay profiles w ere observed for the Rutile A and B samples. However, a noticeable 
decrease in the rate o f  T i3+ signal decay w as observed at increasing tem peratures for 
both  R utile A and R utile B sam ples studied. In  all cases, the T i3+ signal intensities 
returned to their orig inal value in dark  conditions (i.e., after cessation o f  the UV 
illum ination) indicating a reversible reaction. H owever, during the study o f  T i3+(buik) 
in the Rutile B sam ple, this w as not the case and excess energy (in the form  o f  heat) 
w as required to  retu rn  all the photo-excited  electrons to the original Ti3+ state due to 
the therm olum inescence o f  the  process. D ue to  the large num ber o f  im purities present 
in th is particu lar sam ple o f  rutile, additional low -lying states (i.e., transition m etal 
im purities) below  the conduction  band edge are available for stabilising the photo­
excited electron. B y supplying excess energy into the system , these electrons m ay 
then return  to their o rig inal positions in the TiC>2 sample and in so doing, the Ti 
signal intensity returns to  its initial value.
A s dem onstrated  by these results, the photo-response o f  the therm ally 
generated surface and bulk  T i3+ centres in the TiC>2 sam ples m ay be successfully 
exam ined using the E P R  technique. The change in signal intensity can be followed 
and the rate at w hich  the signal decays, along w ith the half-lives and activation 
energies, m ay then  be easily calculated. This analysis has shown that the 
photodynam ics o f  the d ifferen t TiC>2 sam ples varies from  sam ple to sample. To obtain 
further inform ation on  the photo-response o f  each signal exam ined in the TiC>2 
m aterials further w ork  exam ining the exact energy required by the use o f  cut o ff  
filters as detailed previously  by Serw icka et a /.(4) In addition to  this, exam ination o f  
the photo-response experienced by defect and im purity free form s o f  the A natase and 
R utile m aterials should also be studied to  provide additional inform ation o f  the photo- 
response experienced by the T i3+ centres in the U O 2 samples.
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Chapter 9
Conclusions
This thesis has employed the technique of EPR spectroscopy to study the 
various methods o f generation and subsequent behaviour of the paramagnetic states in 
different TiC>2 materials with a range of different probe molecules or organic 
substrates o f specific interest. Owing to its sensitivity, non-invasive properties and 
the specificity o f the spin Hamiltonian parameters, the results presented in this Thesis 
have demonstrated the unique role o f the EPR technique for the study of 
heterogeneous photocatalytic and photo-dynamics processes.
Based on the EPR experiment, the nature, stability and lifetimes of the radicals 
stabilised on the Ti0 2  surface have been shown to depend on a number of distinct 
factors including type of Ti02 sample (i.e., Anatase vs. Rutile), pre-treatment 
conditions (i.e., hydrated v.v dehydrated surfaces) and even the manner in which the 
adsorbates are exposed to the sample (i.e., co-adsorption vs sequential adsorption). 
Furthermore, the photo-dynamics o f the paramagnetic species were also found to be 
dependant on various parameters, including temperature, dopant level, location of the 
paramagnetic species (i.e., surface v.v bulk) and even the type of TiC>2 sample 
employed.
It has been demonstrated that the surface properties of a polycrystalline oxide 
will suffer different degrees o f perturbation and change depending on the physical 
and/or chemical pre-treatment conditions. In turn the defectivity and extent of the 
surface planes will vary thus changing the reactivity of the samples, and ultimately the 
rate o f generation and subsequent lifetimes of the trapped charge carriers. For 
example, as demonstrated in chapter 5, trapped charge carriers can be generated in a 
number o f different ways, either by thermal reduction under vacuum or under a 
hydrogen atmosphere or alternatively by radiative treatment. Following thermal 
reduction o f the TiCE samples, two distinct species were identified, namely medium 
polarised conduction electrons and Ti3+ centres. The Ti3+ states were found to be 
thermally stable at the TiC>2 surface for several hours at room temperature whilst no 
evidence was found for the formation of trapped hole states under these preparative 
conditions. However, following UV irradiation o f the T i02 samples under an oxygen 
atmosphere, photo-generated sub-surface trapped holes were observed. In the case of
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Rutile A, the simultaneous formation and stabilisation of trapped holes and Ti3+ 
centres were observed, while no traces of the signal due to the medium polarised 
conduction electrons were observed during UV irradiation of the samples.
The reactivity of the thermally generated surface and bulk centres were 
examined by the judicious choice of probe molecules, particularly dioxygen and the 
resultant superoxide anion. A number of different oxygen centred species were 
identified depending on the nature of the non-stoichiometric TiC>2 surface following 
addition of oxygen. For example, during oxygen addition to the reduced P25 Anatase 
surface, the well-known superoxide anion was formed. However, oxygen addition to 
the Rutile A sample resulted in the predominant formation of the ozonide species 
whilst the analogous experiment on the Rutile B sample led to a complex mixture of 
both O" and O2' anions. In other words, the rutile surface displays a strong propensity 
towards dioxygen bond cleavage, presumably through formation and subsequent 
decomposition of the doubly charged peroxy anion (O22 ). These unusual results are 
difficult to explain based purely on thermodynamic or even kinetic considerations, 
and must instead be intimately linked to the nature of the different adsorption sites on 
the anatase v.v the surface, and the electron transfer step itself.
The superoxide anion has once again been shown to be an excellent surface 
probe, which provides abundant and meaningful information on the local environment 
where it is stabilised. An excellent example of the type of information provided on 
the nature of the local environment around the Ti4+ centre is demonstrated through the 
observed heterogeneity of adsorption sites resulting from the thermal evacuation of 
the sample at increasing temperatures. At lower reduction temperatures the removal of 
lattice oxygen, O2', from the surface was favoured at the low co-ordinated Ti4+ sites 
generating Ti3+ cations. Following oxygen addition, superoxide anions with 
particularly high components, which are typical of low coordinated cations, were 
observed and this suggests that the early Ti3+ formation (at low temperatures) occurs 
at low coordinated sites. Increasing the temperature of thermal reduction resulted in 
the removal of lattice oxygen at the higher co-ordinated Ti4+ sites. This was reflected 
in the increase heterogeneity of sites available for superoxide formation, particularly 
those with progressively lower g& values. This simple experiment has therefore 
revealed, for the first time, perhaps the obvious conclusion, that the surface oxygen 
anion defects on TiC>2 are formed preferentially at the lowest coordination sites, while
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higher coordination Ti4+-C>2’ sites are only deoxygenated (producing oxygen vacancies 
and reduced Ti3+ centres) at substantially higher temperatures.
While thermal treatment of the TiC>2 samples leads to paramagnetic states on a 
non-stoichiomeric surface, photo-irradiation of the sample at low temperatures will 
also result in the formation of trapped charge carrier states. For example, low 
temperature UV irradiation of the clean dehydrated Ti02 samples under an oxygen 
atmosphere led to the formation of thermally unstable trapped holes on all samples 
(P25 Anatase, Rutile A and Rutile B). However, the formation of the Ti3+ centres 
were only visible on the Rutile A sample. Removal of the excess oxygen revealed the 
photo-generated superoxide anion on all TiC>2 samples examined; this was not 
previously seen under the excess oxygen atmosphere due to line broadening. The 
heterogeneity of the gzz components for the resulting anions was different on the 
different surfaces, revealing a difference in the speciation of the radicals on these 
surfaces. At least five sites were observed for O2 ' stabilisation on the P25 Anatase 
sample while only two poorly resolved sites were available on both Rutile samples. 
In all cases, the superoxide anions formed were found to be stable for several days at 
room temperatures. The differences in the heterogeneity of sites available for photo- 
generated O2" during UV irradiation of the TiC>2 samples highlights the differences in 
the Anatase and Rutile samples used along with the pre-treatment conditions.
The effect of UV irradiation and subsequent generation of trapped charges 
along with transient intermediates have also been examined in a series of experiments 
in which excess O2 was co-adsorbed with an organic molecule. This has been 
examined in the relation to reaction mechanisms of VOC decomposition in 
heterogeneous photocatalysis over DO2 surfaces. The reaction intermediates involved 
during the oxidation of organic materials have been successfully identified. During 
the co-adsorption of acetone and oxygen over the TiC>2 surface, direct evidence was 
provided for the formation of a thermally unstable surface alkyl peroxy radical 
(ROO*) formed during the low temperature UV irradiation. The use of 170  labelled 
O2 has aided in the confirmation of this radical. On this basis the alkylperoxy radical 
was conformed as CH3COCH2OO*, generated by hole transfer to adsorbed acetone, 
and this represents the first identification of such an intermediate with acetone/0 2 .
The transient intermediates formed during the UV irradiation of co-adsorbed 
aldehydes/ 0 2  and alcohols/ 0 2  were also studied in a complimentary series of
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experiments to the acetone/C>2 mixtures. The results have demonstrated that during 
the UV irradiation of co-adsorbed aldehdye/C>2 mixtures, acyl peroxy radicals were 
formed on the Anatase surface, as previously observed on the Rutile B sample. In 
addition, the formation of a transient peroxy radical (ROO*) was also observed during 
the UV irradiation of a co-adsorbed mixture of alcohols/C>2 on the anatase surface.
The utility of the co-adsorption method, as opposed to pre-adsorption, is 
demonstrated to be a key experimental feature in obtaining a successful model 
reaction system for photocatalytic oxidation processes, since the nature of the radical 
formed depends entirely on how the surface is pre-treated with reactants. In other 
words, if oxygen is preadsorbed on the surface and reacts to form the relatively stable 
superoxide anion, the subsequent reactions with the organic substrates may yield 
different reaction products, compared to the species formed via reaction of the peroxy 
radicals identified exclusively in the co-adsorption experiments. These results also 
show that transient radical species can indeed be observed by EPR over TiCb surface, 
and the experiments demonstrate the necessity to characterise the material under in- 
situ conditions in order to obtain a more realistic view ion the nature of the radicals 
involved -  the photo-oxidative process.
In “real” photocatalytic processes, the TiC>2 surface will frequently be exposed 
to moisture, and therefore a study of the hydrated surface is perhaps a more realistic 
model for study of surface processes. Therefore, the nature and stability of the 
oxygen-based radicals (i.e., trapped hole and superoxide) generated by UV irradiation 
were also examined as a function of surface hydration. It was observed that by 
increasing the amount of surface hydration on the P25 Anatase sample, no oxygen 
centred radicals could be detected by EPR. This does not necessarily mean that the 
radicals are NOT formed; on the contrary, it is quite conceivable that the lifetimes of 
the paramagnetic species are too short to detect by EPR as no surface sites are 
available for stabilisation. By decreasing the amount of surface hydration and 
subsequent UV irradiation, a selection of species including O', HO2* and Ti3+ were 
identified. In comparison to this, following UV irradiation of the hydrated Rutile 
samples a number of species were stabilised on the surfaces under various amounts of 
hydration; these included O', traces of HO2*, and Ti3+ centres. Evacuation of the 
samples following low temperature UV irradiation in most cases revealed the 
stabilisation of the superoxide anion. The Rutile A sample was capable of stabilising
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the 0 2' anion on both forms of the hydrated surface (i.e., partial and full hydration). 
The sites available for 0 2' formation were observed to be identical to those during 
photo-generation of the anion on the dehydrated Rutile A surface, however, the 
intensity of the superoxide signal decreased over several hours when left at room 
temperature unlike that on the dehydrated forms where the 0 2’ was stable for several 
days. During UV irradiation of the hydrated forms of the Rutile B sample the 
superoxide anion was only photo-generated and stabilised on the partially hydrated 
form of the sample, no traces were observed on the fully hydrated form of the surface. 
The stability and intensity of the alkyl peroxy radical (CH3C0CH200*) was also 
noted to decrease upon UV irradiation of the co-adsorbed acetone/02 over a hydrated 
P25 Anatase surface.
The addition of water to the Ti02 surfaces not only demonstrates the blocking 
of sites available for photo generated 0 2‘, but also a decrease in signal intensity and 
stability of the oxygen centred radicals. Complementing these results were those 
obtained during the addition of NO to the hydrated Ti02 surfaces. Similar to the 
stabilisation of the 0 2' anion on the different hydrated forms of Ti02 surfaces the sites 
available for NO adsorption were observed to be preferentially blocked preventing 
any NO adsorption. Dehydroxylation of the Ti02 surfaces at increased temperatures 
resulted in the sequential removal of the OH groups from high co-ordinated sites 
initially to those of lower co-ordination sites, therefore with the aid of NO the 
identification of the local co-ordination environment of the sites available at increased 
temperatures were identified.
As demonstrated here, complete knowledge of the Ti02 sample is necessary 
(i.e., Anatase v.v. Rutile, Thermal vs. UV irradiated and hydrated vs. dehydrated) in 
order to fully understand the reactions that can occur both at the Ti02 surface and 
bulk. In addition to this, the differences in the photo-dynamics experienced by the 
Ti02 samples are also related to the various forms of Ti02 samples examined. For 
example, UV irradiation of the bulk or surface Ti3+ centres resulted in the significant 
decrease in EPR signal intensity, which was restored after cessation of the 
illumination. The decrease in intensity was due to the photo excitation of the electrons 
to low lying states positioned just below the conduction band thus generating transient 
Ti46+ states. The decay curves for the photo-dynamic responses were observed to 
follow first order kinetics. However, the rate at which these signals decayed varied
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significantly from sample to sample and at different temperatures. In the case of P25, 
the rate of EPR signal decay for both surface and bulk Ti3+ centres was found to 
increase at increasing temperatures. However on all of the rutile samples, the opposite 
trends were observed. These observed differences in the rate of signal decay are 
thought to be due to the differences in the surface morphologies i.e., Anatase vs. 
Rutiile. The presence of surface defects in each sample are likely to act as additional 
traps, thus, altering the photodynamic rates. The most significant alteration in photo­
response due to the presence of defects/impurities was observed in the photo-response 
study of bulk Ti3+ centres in Rutile B. The addition of these impurities act as 
additional traps for the photo excited electrons. However, the electrons trapped at 
these sites are incapable of reforming the Ti3+ after removal of the UV illumination 
due to insufficient energy in escaping these traps. To overcome this problem the 
temperature of the sample was gently increased providing enough energy to allow the 
electrons to return to their original positions (i.e., thermoluminescence).
Overall, the results presented in this Thesis have illustrated the many 
differences in the surface chemistry and photodynamics of Anatase and Rutile Ti02, 
which can be clearly related back to differences in surface morphologies.
